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ABSTRACT
I t  i s  hypothesized th a t th e  frequency and se v e r ity  o f  outbreaks 
o f the  southern  pine b e e tle  (Dendroctonus f r o n ta l is  Zinun.) a re  reg­
u la ted  by temporal v a ria tio n s  in  c lim ate . The o b je c tiv e s  o f  th is  
study a re : (1) to  a ssess the re la tio n sh ip  between b e e tle  outbreaks
and tem poral v a r ia tio n s  in  c lim a te , [2) to  evaluate  q u a n ti ta t iv e ly  
the c lim a te -b e e tle  re la tio n sh ip  through use o f two c lim ato lo g ica l 
models, and (3} to  a rr iv e  a t a means o f p re d ic tin g  fu tu re  outbreaks 
o f the southern pine b e e tle  through the  an a ly sis  o f e x is t in g  data .
Two c lim ato lo g ica l models were employed to  determ ine i f  a 
s t a t i s t i c a l  re la tio n sh ip  e x is ts  between southern pine b e e tle  outbreaks 
and se lec ted  c lim a tic  param eters. The White s t r e s s  index, which has 
been u t i l iz e d  su c ce ss fu lly  in A u s tra lia  fo r  a s im ila r  in s e c t  problem, 
i s  dependent upon raw tem perature and p re c ip ita tio n  d a ta  to  determine 
i f  c lim a tic  cond itions are  conducive to  in se c t ou tb reaks. The index 
proved unsuccessfu l in  a ttem pting  to  explain v a r ia tio n s  in  southern 
pine b e e tle  a c t iv i ty  since raw d a ta  analysis lacks the a b i l i ty  to  de­
term ine energy-m oisture exchanges occurring  w ith in  the  environment.
The Thom thw aite w ater balance i s  somewhat more so p h is t ic a te d  than 
the White technique, and attem pts to  r e c t i fy  some o f  W hite 's in ­
heren t shortcom ings. The water balance provides fo r  a q u a n tita tiv e  
assessm ent o f the  hydrologic cycle  by inco rpo ra ting  the  follow ing 
param eters: (1) th e  technique i s  equipped to  estim ate  f lu c tu a tio n s
in s o i l  m oisture s to ra g e , (2) e s tim a te s  o f p o te n t ia l  and a c tu a l evapo- 
t ra n s p ira t io n  ra te s  a re  included to  evaluate  energy-m oisture ex-
changes, and (3) periods o f m oisture  s tr e s s  a r e , evaluated  in  terms o f  
m oisture su rp lus and d e f ic i t  v a lu e s .
Southern p ine  b e e tle  outbreak data  from e as te rn  Texas and w estern 
Louisiana were c o rre la te d  with Thom thw aite c lim a tic  param eters by means 
o f a stepw ise m u ltip le  reg ress io n  a n a ly s is . As southern  p ine  b e e tle  
a c t iv i ty  follow s a h igh ly  seasonal tren d  w ith th e  most in te n se  outbreaks 
occurring  during th e  summer, th e  in s e c t  data  were expressed as v a r ia tio n s  
about a monthly mean. The Thom thw aite c lim a tic  d a ta  were s im ila r ly  
evaluated , as p o te n t ia l  evapo transp iT ation , m oisture su rp lu s , and mois­
tu re  d e f ic i t  a lso  follow strong  seasonal tre n d s . C lim atic d a ta  were 
evaluated  up to  s ix  months before th e  observed in se c t a c t iv i ty  to  
define  the  lag  tim e th a t  e x is ts  between the c lim a tic  t r ig g e r  mechanism 
and the  subsequent in se c t response.
I t  was determined th a t southern  pine b e e t le  a c t iv i ty  was d i­
re c t ly  re la te d  to  m oisture surp lus and la te  w in te r p o te n t ia l  evapotran- 
sp ira tio n  in  most cases. B eetle a c t iv i ty  was in v e rse ly  r e la te d  to  mois­
tu re  d e f ic i t  and summer p o te n tia l  ev ap o tran sp ira tio n  in  most cases.
Twelve s t a t i s t i c a l  models were generated  on the  b a s is  o f s p a t ia l  and 
temporal co n sid e ra tio n s , and in  a l l  bu t one o f th e  models, a t  le a s t  
one Thom thw aite c lim a tic  v a ria b le  was deemed s t a t i s t i c a l l y  s ig n i f ic a n t .
One o f th e  generated models was te s te d  a g a in s t the most recen t 
southern pine b e e tle  data  to  dem onstrate i t s  p re d ic tiv e  a b i l i ty .  The 
model appeared to  be a r e l ia b le  in d ic a to r ,  and i t  p red ic ted  success­
fu l ly  the in ten se  b e e tle  outbreak in  Hardin County, Texas during 
Ju ly , 1973.
x i i
INTRODUCTION
The southern p ine b e e tle  (Dendroctonus f r o n ta l i s  Zimm.) i s  
considered one o f  the  most d e s tru c tiv e  in se c ts  a ffe c tin g  p ine fo re s ts  
in  th e  southern United S ta te s . The most d ev asta tin g  b e e tle  o u t­
breaks occur sp o ra d ica lly  over i r r e g u la r  tim e in te rv a ls  and may 
render la rg e  volumes o f p ine  fo re s t  econom ically u n su itab le .
The devasta ting  economic impact o f  th e  in se c t has g en era lly  
increased  over the  p ast 15 years. In  1958, the  southern pine b e e tle  
was resp o n sib le  fo r  the  d es tru c tio n  o f 84,000 cubic f e e t  o f tim ber 
in  sou theaste rn  Texas (Coulson e t a l . ,  1972, p . 27). This f ig u re  
has c o n s is te n tly  exceeded 1,000,000 cubic fe e t  o f tim ber every year 
s ince  1965. During an in ten se  outbreak in  1968, 4,533,000 cubic fe e t  
o f tim ber were k i l le d  by the  southern p ine b e e tle , a ffe c tin g  an a rea  
o f approxim ately 6,000,000 acres o f p ine  fo re s t  (Coulson e t  a l . ,  1972, 
pp. 26-27). In L ouisiana, th e  economic s ig n if ic an c e  o f  the  b e e tle  
i s  equally  stag g erin g . In 1957, in fe s ta t io n s  were lim ited  to  a few 
sc a tte re d  areas in  Catahoula and La S a lle  P arish es. By 1967, th e  
b e e tle  had spread throughout much o f n o rth  c e n tra l Louisiana and was 
a ffe c tin g  338,000 acres o f p ine fo re s t  (B ennett, 1971, p. 1). The 
outbreak in te n s if ie d  in  1968 and spread over some 700,000 a c res . 
Conditions improved somewhat in  the  l a t e  60’s and e a r ly  70’s , bu t 
m illio n s  o f acres continue to  be damaged y early  by th e  in se c t in  
Texas and Louisiana a lone . I t  has been estim ated th a t  the  southern  
pine b e e tle  was resp o n sib le  fo r  a tim ber lo s s  exceeding $103,000,000
in  1973 throughout th e  sou theaste rn  U.S. (Southern Pine B eetle 
Action Council, 1974).
The in se c t p e r s i s t s  over a la rg e  v a r ie ty  o f environments 
throughout the  South, and has been observed a ttac k in g  pines as 
f a r  no rth  as New Je rsey  and as f a r  west as e a s te rn  Texas and Okla­
homa (Figure 1 ). However, th e  most in ten se  southern  pine b e e tle  
a c t iv i ty  i s  confined g en era lly  to  th e  la rg e  expanse o f  con iferous 
fo r e s t  extending from c e n tra l  V irg in ia  southwestward to  th e  Big 
Thicket reg ion  o f e as te rn  Texas (Kowal, 1960, p . 1).
Although a l l  species o f pine n a tiv e  to  th e  South a re  su s­
c e p tib le , s h o r t le a f  (Pinus ech inata  M ill.)  and lo b lo l ly  (Pinus 
taeda L.) appear to  be p re fe rred  h o s ts . Slash (Pinus e l l i o t t i i  
Engelm.), lo n g lea f (Pinus p a lu s t r i s  M ill.)  and spruce p ine (Pinus 
g lab ra  W alt.) a re  a lso  a ttack ed , but a re  considered le s s  d e s ira b le  
h o s ts . The b e e t le 's  apparent d isc rim in a tio n  between h o sts  i s  re la te d  
to  the  v a ria b le  exudation o f p itc h  among the  d if f e r e n t  Pinus sp ec ies . 
Two species w ith  a r e la t iv e ly  l ig h t  exudation o f p i tc h , sh o r t le a f  
and lo b lo lly , a re  a ttacked  more re a d i ly .  S lash , lo n g lea f, and spruce 
p ine e x h ib it a h eav ier p itc h  exudation, and a tta c k s  on th ese  species 
a re  freq u e n tly  unsuccessfu l (Kowal, 1960, p . 2 ).
An ou tstand ing  b io lo g ic a l c h a ra c te r is t ic  o f th e  southern p ine 
b e e tle  i s  i t s  secluded l i f e  in  a l l  s ta g es . The b e e tle  spends the  
la rg e s t  p ro p o rtio n  o f i t s  l i f e  w ith in  th e  cambium and in n er bark of 
i t s  h o st. Adult b e e tle s  burrow beneath the  inner bark and d eposit 
t h e i r  eggs. Eggs norm ally hatch  in  th re e  to  n ine  days, and the  
la rv ae  feed w ith in  the  inner bark , co n stru c tin g  sinuous tunnels in  
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SOUTHERN PINE BEETLE 
UNITED STATES
Fig. 1. - D is tr ib u tio n  o f the southern pine b e e tle  in  the U.S.
Sources: Anonymous, Action Plan to  Control the Southern Pine B eetle , 
Southern Pine B eetle Action Council C irc u la r , (1974)•
Kowal, R .J . ,  "Southern Pine B e e tle ,"  Forest Pest L ea fle t 49, U.S. 
Department o f  A g ricu ltu re , p. 1 (1960).
tunnels  during the  la rv a l  stage even tually  g ird le s  the t r e e .  E arly - 
s ta g e  larvae  c o n s tru c t th re a d - lik e  tunnels which are  v is ib le  when 
th e  in n e r bark i s  exposed. However, as the la rv ae  develop, tunnels 
become enlarged and a re  usua lly  concealed w ith in  the inner bark . The 
la rv a l  stage  u su a lly  la s ts  from 25 to 38 days. Pupation, which may 
occur a t  various le v e ls  w ith in  th e  bark , la s ts  approxim ately 8 to  
11 d ay s .
The b e e tle  a lso  a ffe c ts  i t s  host by in troducing  a b lue  s t a in ­
ing fungus (C era tocystis  minor Hedge.) w ithin  the  tre e  phloem and 
xylem, which co n trib u te s  to  the rap id  decline  o f  the  host (B arras , 
1970, p .  1187). The fungus has th e  inheren t c h a ra c te r is t ic  o f ham­
p ering  conduction w ith in  the  h o s t and drying th e  wood (C aird, 1935, 
p . 709) .
The temporal development o f  a complete generation  i s  h igh ly  
v a r ia b le  and seems dependent upon a v a rie ty  o f environmental f a c to r s .  
In  th e  more n o r th e r ly  ex tent o f i t s  range, th re e  to  f iv e  complete 
genera tions of southern  pine b e e tle s  have been noted annually . How­
e v e r, s ix  or more generations have been observed near the Gulf Coast 
over the  same time period  (T hatcher, 1960, p . 5 ) . This la rg e  v a r i ­
a t io n  in  time req u ired  fo r the completion o f th e  l i f e  cycle has 
s ig n i f ic a n t  ram ifica tio n s  upon th e  subsequent b e e tle  p o p u la tion , and 
c o n tro ls  la rg e ly  the  p ro b a b ility  o f  an in tense  outbreak over a spe­
c i f i c  time p erio d .
Attempts a t  a ssessing  the  causal fa c to rs  involved in  th e  de­
velopment and in te n s i ty  o f b e e tle  outbreaks have met with only lim ­
i te d  su ccess . However, considering  th a t  severe in fe s ta tio n s  occur 
over sporadic r a th e r  than c y c lic  tim e in te rv a ls ,  and noting th a t
generation  development is  h igh ly  v a r ia b le  through tim e, i t  seems 
p la u s ib le  th a t  environmental v a ria b le s  such as clim ate  a re  s ig ­
n if ic a n t  causal mechanisms.
The o b jec tiv e s  o f th is  study a re : (1) to  assess th e  r e l a ­
tio n sh ip  between b e e tle  outbreaks and tem poral v a r ia tio n s  in  c l i  
m ate, (2) to  eva lua te  q u a n ti ta t iv e ly  th e  c lim a te -b e e tle  re la t io n  
sh ip  through use o f  two c lim ato lo g ica l models, and (3) to  a rr iv e  
a t  a means o f p re d ic tin g  fu tu re  outbreaks o f the  southern  pine 
b e e tle  through th e  an a ly sis  o f e x is tin g  d a ta .
The s ig n if ic a n t  e f fe c t  o f c lim ate  upon the in te n s i ty  o f 
southern pine b e e tle  a c t iv i ty  has been recognized by re sea rch e rs  
although the  resp o n sib le  c lim a tic  determ inants have not been an­
alyzed with adequate p re c is io n . W.R. Henson noted th a t ,  "The 
well-known re s is ta n c e  mechanisms o f  co n ife rs  to  (bark) b e e tle  
a t ta c k . . . a re  c e r ta in ly  mediated by w eather. At the same time 
th e  b e e tle  a c t iv i ty  i s  a ffe c te d  by the same weather" (Henson, 
1960, p. 850).
I t  is  re le v a n t th a t th e  statem ent d is tin g u ish e s  between 
th e  in fluence  o f c lim ate  upon the  v igo r o f th e  t r e e ,  and th e  in ­
fluence o f c lim ate  upon the development and subsequent in c rease  
in  b e e tle  a c t iv i ty .  A most te d io u s , a lb e i t  necessary , segment 
o f th i s  study involves the  sep ara tio n  o f those c lim a tic  fa c to rs  
which a f fe c t  t r e e  v igo r from those  fa c to rs  which a f fe c t  b e e tle  
popu la tions. In more su cc in c t term s, i t  w ill  be determined i f  a 
sp e c if ic  se t o f  c lim a tic  cond itions i s  conducive to  a sim ultane­
ous d e te r io ra tio n  in  tre e  re s is ta n c e  and an in crease  in  b e e tle  
popu la tion , necessary  fo r  an outbreak to  occur.
As a culm ination o f  t h i s  research , a q u a n ti ta t iv e  e v a lu a tio n  
o f c lim a te 's  in fluence  upon southern pine b e e t le  outbreaks w i l l  be 
devised. P red ic tio n s  o f fu tu re  insect outbreaks p red icated  upon 
presen t c lim a tic  trends th e re fo re  w ill be p o s s ib le .
I I
A REVIEW OF THE LITERATURE
Chapter I I  i s  a review o f c u rren t knowledge involv ing  the r e ­
la t io n sh ip  between southern pine b e e tle  outbreaks and se le c te d  env i­
ronmental fa c to rs . Analyses o f  conclusions reached p rev iously  by 
o th e r au thors a re  examined in  four se c tio n s . F i r s t ,  environmental 
in flu en ces such as edaphic and topographic fa c to r s ,  a re  d iscussed . 
These v a ria b le s  must be reviewed before  the tru e  e f fe c t  o f  c lim ate 
can be assessed . Second, the  primary c lim a tic  in fluences and th e ir  
e f f e c t  upon b e e tle  outbreaks a re  examined. T h ird , the  e f f e c t  o f 
poor s i lv ic u l tu r a l  p ra c tic e s  upon tr e e  v igor and subsequent b e e tle  
a c t iv i ty  i s  examined. F in a lly , th e  e f fe c ts  o f  p redato rs and p a ra ­
s i t e s  upon southern p ine  b e e tle  populations a re  d iscussed .
Edaphic and Topographic Influences 
Numerous s tu d ie s  on the  environmental fa c to rs  a ffe c tin g  tre e  
v ig o r and subsequent southern p ine  b e e tle  a c t iv i ty  have been pub­
lish e d  by the  Southern Forest Experiment S ta tio n  in  P in e v il le , 
L ouisiana. Lorio and Hodges, who co n trib u te  a large  p roportion  of 
in form ation  on th is  to p ic , have concluded th a t  m ic ro re lie f  and 
a sso c ia ted  s o i l  c h a ra c te r is t ic s  a f f e c t  the  v igo r and growth r a te  o f 
lo b lo l ly  pine and o th er host t r e e s  o f the southern pine b e e t le  (Lorio 
and Hodges, 1971, p . 795). T heir r e s u l ts  a re  derived from research  
in  A llen P a rish , L ouisiana, where th e  growth r a t e ,  growth v a r ia b i l i ty ,  
and o le o re s in  exudation p ressu re  (OEP) o f t r e e s  were c o rre la te d  with
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topographic s e t t in g .  OEP rep re se n ts  simply th e  amount o f r e s in  being 
produced and conducted w ith in  the  host t r e e .
I t  was determined th a t  t r e e s  growing on small h illo c k s  known 
as pimple mounds exh ib ited  a le s s  v a ria b le  growth r a te  and g re a te r  
OEP than those t r e e s  growing a t  lower e lev a tio n s  between the mounds 
(Lorio and Hodges, 1971, p . 799).
The production o f re s in  appears to  rep re se n t the  primary 
n a tu ra l co n tro l mechanism a v a ila b le  to  the host t r e e  in  p reventing  
an in fe s ta t io n  o f southern pine b e e tle s . J .P .  V ite  (1961, p . 37) 
has noted th a t  the  success o f p ine b e e tle  a tta c k  i s  c o rre la ted  
c lo se ly  w ith low OEP. I f  re s in  flow i s  abundant, corresponding w ith 
a high OEP, a ttac k in g  b e e tle s  would be ''p itched  o u t ,"  and th e re fo re  
unable to  p en e tra te  the  o u ter bark o f the  t r e e  (Thatcher, 1960, p . 5 ). 
Thus, the  p ro b a b ility  o f a successfu l southern p ine b e e tle  a tta c k  is  
increased  among t r e e s  in  the  lowland s i t e s ,  as they e x h ib it a lower 
mean OEP (Figure 2).
The magnitude o f the  OEP provides an adequate determ ination  
o f t r e e  v ig o r. A lower OEP, c h a ra c te r is t ic  o f tre e s  between the 
pimple mounds, in d ic a te s  th a t  they are  under g re a te r  m oisture s t r e s s  
than tr e e s  on th e  mounds over th e  same time p erio d . Lorio and Hodges 
(1971, p . 799) a t t r ib u te  th is  response to  ro o tin g  d e fic ie n c ie s  in  
the  poorly -d ra ined  lowland sp o ts . Excessive flooding  during a p ro ­
longed wet period  f a c i l i t a t e s  the  development o f w ater molds, which 
a tta c k  and k i l l  th e  f in e  ro o ts  o f th e  host t r e e  (Lorio and Hodges, 
1968, p . 1209). Tree v igo r correspondingly  d e c lin e s , OEP decreases, 
and the  p ro b a b ility  o f  southern p ine b e e tle  a tta c k  i s  heightened.
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Fig. 2. - D aily p a tte rn s  o f  o leo resin  exudation p ressu re  
w ith in  lo b lo lly  p ine on a mound s i t e  vs. a lowland s i t e :  September
8, 1966.
Source: P.L. Lorio and J.D . Hodges, "O leoresin Exudation P ressure
and R e la tive  V/ater Content o f Inner Bark as In d ic a to rs  o f M oisture 
S tre ss  in  Loblolly P in e s / ' F o rest Science, Vol. 14, p . 396 (1968).
in flu en ce  upon the v ig o r o f the host t r e e  and corresponding southern 
pine b e e tle  a c t iv i ty .  An examination o f s o i l  cond itions in  Hardin 
County, Texas in d ica ted  th a t  the  g re a te s t  d en sity  o f southern p ine 
b e e tle  outbreaks occurred  on poorly or im perfec tly  d rained  s o ils  
which were la rg e ly  fo re s te d  with pine-hardwood m ixtures (Lorio and 
Hodges, 1968, p. 566).
The so il  type p resen t w ith in  a c e r ta in  area  i s  re la te d  c lo se ly  
to  th e  topographic s e t t in g  of th a t  a re a . Although topographic and 
edaphic fac to rs  have been tre a te d  se p a ra te ly  thus f a r ,  th e i r  c lose 
a sso c ia tio n  and cum ulative e ffe c t upon southern pine b e e tle  ou t­
breaks must be recognized.
A study by Lorio and Hodges in  A llen P arish , Louisiana e v a l­
uated th e  e ffe c t o f s o i l  m oisture d e p le tio n , topography, and s o i l  
te x tu re  upon the physiology o f host t r e e s  o f  the  southern pine 
b e e tle . At a given dep th , measurable w ater d ep le tion  occurred 
sooner on mound s i t e s  than  on lowland s i t e s ,  in d ic a tin g  th a t  water 
is  more re a d ily  a v a ila b le  fo r tre e  development in the  lowland areas 
under normal circum stances (Lorio and Hodges, 1971, p . 799). This 
is  a t t r ib u te d  p rim arily  to  the h igher c lay  content o f s o i l  in  the  
low lands, conducive to  a higher s o i l  m oisture cap ac ity  (Lorio and 
Hodges, 1971, p. 796). However, during extreme m oisture s t r e s s ,  
t r e e s  on the mound s i t e s  a re  more capable o f  coping w ith  th e  ad­
verse  cond ition . Since ea rly  e x tra c tio n  o f  s o il  m oisture i s  gen­
e ra l ly  lim ited  to th e  top  75 cm. o f s o i l ,  and since s o i l  m oisture i s  
u su a lly  re a d ily  a v a ila b le  a t th is  le v e l in  the lowland a re a s , ro o ts  
are r e s t r i c te d  la rg e ly  to  the  upper le v e ls  o f s o i l  on th ese  s i t e s .  
Conversely, since d e p le tio n  is  more ra p id  on the  mound s i t e s ,  and
since  so il m oisture i s  le s s  re a d ily  a v a ila b le  a t  the top 75 cm. o f 
s o i l ,  root development is  more ex tensive among t r e e s  on the  mounds, 
and roo ts extend well below th e  upper so il  le v e l. During a period 
o f  extreme m oisture s t r e s s ,  th e  underdeveloped ro o t systems o f the  
lowland tre e s  a re  less  e f f i c ie n t  than those on the  mounds (Lorio 
and Hodges, 1971, p . 799). Thus, lowland t r e e s  in  th is  reg ion  
a re  d isp ro p o rtio n a te ly  s tre s se d  during drought, v igor d e c lin e s , and 
southern  pine b e e tle  a tta c k  i s  more probable.
C lim atic  Influences
The edaphic and topographic fac to rs  described  in  the  preceding 
se c tio n  are a l l  influenced u ltim a te ly  by v a r ia tio n s  in  the  e x is tin g  
c lim ate . F luc tua ting  tr e e  v igo r conditions and in se c t population  
d e n s itie s  are  e i th e r  a t t r ib u te d  d ire c tly  to  the  temporal v a r ia b i l i ty  
o f  c lim ate , o r to  the e f fe c ts  o f clim ate upon in f lu e n tia l  environ­
m ental v a ria b le s .
P rec ise ly  how s ig n if ic a n t  i s  clim ate as a reg u la to ry  con tro l 
measure? In h is  a r t i c l e  concerning the  n a tu ra l co n tro l of in se c t 
popu la tions, De Bach a s s e r ts  th a t  clim ate i s  a fa c to r  which perm its 
in se c ts  to  e x is t  or to  be excluded w ithin  a given zone (1958, p . 475). 
Considering the  im pressive amount o f a v a ila b le  l i t e r a tu r e  p e rta in in g  
to  c lim a te -in se c t re la tio n s h ip s , and, more s ig n if ic a n t ly ,  to  c lim ate- 
southern  pine b e e tle  r e la t io n s h ip s ,  De Bach’s a s se r tio n  appears to  
be widely accepted.
Most research  on the  su b jec t i s  p resen ted  in  one of two fo r ­
m ats. A m ajo rity  o f the  au tho rs emphasize the  re la tio n sh ip  between 
c lim ate  v a r ia tio n  and the physio log ica l response o f the  host t r e e .
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A com paratively sm all number o f au thors attem pt to  c o rre la te  c lim a tic  
f lu c tu a tio n s  w ith v a r ia tio n s  in  in se c t popu lation . A c lim ate-popu lation  
study is  fe a s ib le  only under lab o ra to ry  co n d itio n s, where increases 
in  in se c t population  may be monitored w ith r e la t iv e  p rec is io n . Con­
v e rse ly , a c lim a te - tre e  v igor a n a ly s is  may be attem pted under n a tu ra l  
circum stances with le s s  d i f f ic u l ty .  For th is  reason , many re sea rch e rs  
sim ply assume th a t  a sudden southern p ine  b e e tle  outbreak is  a t t r i b ­
u ted  to  a r i s e  in  in se c t popu la tions, even i f  no su b s ta n tia l  p roo f 
e x is ts .
A d ire c t  examination of the  number of t r e e s  a ffe c te d  by th e  
southern  pine b e e tle  through time rep re se n ts  a v a lu ab le  in d ic a to r 
in  attem pting  to  determ ine the sp e c if ic  ro le  o f c lim ate  as a causa l 
mechanism (Figure 3 ). The strong seasonal trend  observed in  the  
number o f a ttacked  t r e e s  suggests th a t  c lim ate i s  th e  primary con­
t r o l l i n g  environm ental v a ria b le . During the  th re e -y e a r  study peri’od 
i l l u s t r a t e d  in  Figure 3, the  most vigorous b e e tle  a c t iv i ty  occurred 
in  l a t e  spring  and e a r ly  summer. Although a seasonal trend  in  ac ­
t i v i t y  is  evident during  every year o f study, the  in te n s i ty  of a c ­
t i v i t y  i s  h igh ly  v a r ia b le  from year to  year. For example, the most 
in te n se  b e e tle  outbreaks in  1961 and 1962 occurred during  the l a t t e r  
p a r t  o f  June. However, only 85 in fe s ta t io n s  were repo rted  in June,
1961, w hile 200 in fe s ta t io n s  were rep o rted  in  June, 1962. Such ex­
treme annual f lu c tu a tio n s  in  southern p ine b e e tle  a c t iv i ty  appear to  
be a t t r ib u te d  p rim a rily  to  temporal v a r ia tio n s  in  c lim ate .
A review o f conclusions reached by o ther au tho rs p e rta in in g  
to  th e  re la tio n sh ip  between clim ate  and southern p ine  b ee tle  ac ­
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Fig. 3. -  Number o f new in fe s ta t io n s  of southern  pine b e e tle s  
recorded by a e r ia l  observations; Hardin County, Texas, 1960-62.
During the period  o f  study , a e r ia l  observations were taken ir r e g u la r ly  
throughout the year.
Source: R.C. T hatcher and L.S. P ickard , ’’Seasonal V aria tions in
A c tiv ity  o f the Southern Pine B eetle  in  East Texas, Journal o f Economic 
Entomology, Vol. 57, p . 841 [1964).
terms o f the resp o n sib le  c lim a tic  param eters involved, and w ill 
not be simply an au thor-by-au thor account o f th e  general to p ic .
I t  should be re a d ily  apparent th a t  the  p e r t in e n t c lim a tic  
t r ig g e r  mechanisms a re  most d i f f i c u l t  to  i s o la te  and analyze 
w ith a g rea t deal o f p re c is io n .
Temperature E ffe c ts
V aria tions in  tem perature appear to  a f fe c t  southern  pine 
b e e tle  outbreak p ro b a b i l i t ie s  by one o f two means. F i r s t ,  tem­
p e ra tu re  has a profound in fluence  upon the  amount o f  tim e nec­
essa ry  fo r the in se c t to  complete i t s  l i f e  cy c le . The ra p id i ty  
o f b e e tle  development from egg to  ad u lt has enormous ram ific a tio n s  
regarding  subsequent popu lation  growth. Second, tem perature ex­
tremes a re  most resp o n sib le  fo r  in c reas in g  in se c t m o rta li ty .
The amount o f tim e necessary  fo r  one complete generation  
o f the  southern p ine b e e tle  to  develop v a r ie s  from 30 to  54 days 
(T hatcher, 1960, p . 4 ] . Mild w in ters seem most conducive to  a 
decrease in  the tim e involved fo r  brood development, and a re  most 
resp o n sib le  fo r in c reas in g  p ine b e e tle  popu lations (Thatcher,
1960, p . 11]. During the  mild w in ter o f 1959-1960 in  eas te rn  
Texas, when average d a ily  tem peratures g en era lly  exceeded 50°F., 
Thatcher noted th a t  brood development proceeded r e la t iv e ly  ra p id ­
ly . During the  w in ter o f  1961-1962, when warm days were le s s  
frequen t and average d a ily  tem peratures seldom exceeded 46°F ., 
brood development was very  slow (Table 1 ) . By February o f  1960, 
a f t e r  a mild w in ter, 50% o f th e  p ine b e e tle s  had emerged from
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TABLE 1
WINTER BROOD DEVELOPMENT OF SOUTHERN PINE BEETLE 
IN EAST TEXAS: 1959-1963
% o f southern  p ine b e e tle s  in  each development s tage
MONTH ABORTIVE EGG LARVA PUPA ADULT EMERGENCE
Dec., 1959 0 42 20 14 14 10
J a n ., 1960 0 24 33 8 6 29
Feb., 1960 0 2 32 8 8 50
D ec., 1961 18 30 48 4 0 0
J a n .,  1962 18 30 46 2 4 0
Feb ., 1962 9 4 37 22 18 10
Dec. ,  1962 16 28 56 0 0 0
J a n .,  1963 6 21 61 0 12 0
Feb., 1963 6 21 34 11 10 18
Source: R.C. T hatcher, "Winter Brood Development o f the  Southern Pine
B eetle in  Southeast T exas," Journal o f Economic Entomology, Volume 60, 
p . 600 (1967).
th e  host t r e e s  as a d u lts , capable o f rep roduction . During February 
o f  1962, a f t e r  a much co lder w in ter, only 10% o f the  ad u lt b e e tle s  
had emerged, in d ic a tin g  th a t  the  p o te n t ia l  b e e tle  population  fo r 
th a t  year would be r e la t iv e ly  sm all. Furtherm ore, during the co lder 
December and January  o f 1961-1962, 18% o f  th e  b e e tle  a tta c k s  were 
a b o rtiv e . The warmer w inter o f  1959-1960 c o rre la te d  with a h igher 
a tta c k  success r a te .
Southern pine b e e tle  development proceeds roost ra p id ly  during 
th e  sp ring , summer, and autumn months, when p e r s is te n t  warmth s h o r t­
ens the  l i f e  cyc le  d r a s t ic a l ly .  The number o f complete generations 
to  develop each year can vary from th re e  to  more than f iv e ,  depending 
most s ig n if ic a n t ly  upon v a ria b le  tem perature (Thatcher, 1960, p . 4 ) . 
Assuming th a t  in s e c t  m o rta lity  remains constan t from year to  y e a r, 
b e e tle  popu lations may vary over 100% annually , depending so le ly  
upon the  number o f developing g en era tio n s. In r e a l i t y ,  however, 
in se c t m o rta lity  i s  a lso  co n tro lled  la rg e ly  by tem perature , and 
although genera tion  development time may decrease , m o rta lity  may in ­
c re a se , and popu la tion  le v e ls  may not r i s e  as d ram atica lly  as might 
be expected.
Extremes in  tem perature appear to  be h igh ly  resp o n sib le  fo r  
in creasin g  in s e c t  m o rta lity . The long-term  e f fe c t  o f tem perature 
extremes on brood m o rta lity  i s  dependent upon th e  stage  in  develop­
ment o f the brood when extreme tem peratures a re  encountered. The 
egg stage seems to  be most r e s i s ta n t  to  extreme co ld , and temper­
a tu re s  as low as -5°F. do no t appear to  a f fe c t  th e  eggs adversely  
(B eal, 1929, p . 330). However, the  la rv ae  and ad u lt s tag es are 
more s e n s i t iv e , and even b r i e f  exposures to  tem peratures o f 10°F.
may r e s u l t  in  a heavy m o rta lity  r a te  (Beal, 1929, p. 331). This i s  
obviously a s ig n if ic a n t  fa c to r  in  lim itin g  th e  northern  ex ten t o f 
the  southern pine b e e t le 's  range.
The se v e r ity  o f th e  w in ter o ften  determ ines i f  burgeoning 
southern pine b e e tle  populations a re  to  be expected. Although 
b e e tle  rep roductive  a c t iv i ty  i s  lim ite d  during th e  cold season, the  
popu lation  and v igo r o f the  overw intering brood c o n trib u te s  to  the  
p ro b a b ility  o f in se c t outbreaks during the  follow ing summer. During 
the  m ild w inter o f 1928-1929 in  North C aro lina , Beal observed th a t  
b e e tle s  in  la rv a l ,  pupal, and a d u lt stages a l l  w intered su ccessfu lly  
and brood m o rta lity  was extremely low (1929, p . 332). During the  
follow ing spring and summer, in se c t a c t iv i ty  was r e la t iv e ly  in ten se . 
He noted fu r th e r  th a t  severe minimum w in ter tem peratures c o rre la te d  
w ell w ith low outbreak in te n s i t ie s  during the  follow ing season.
Extremely high summer tem peratures tend  to  have a de trim en ta l 
e f fe c t  upon southern p ine b e e tle  p o pu la tions, and seem to  increase  
b e e tle  m o rta lity . During prolonged heat wave con d itio n s, Thatcher 
noted th a t  b e e tle  development proceeded more slow ly, and a large  
percentage o f th e  la rvae  d id  not surv ive to  m atu rity  (1968, p . 658). 
When a i r  tem peratures exceeded 100°F., even fo r  a very sh o rt tim e, 
a la rg e  percentage o f southern p ine  b e e tle  la rv ae  and pupae are 
k i l le d  (Beal, 1929, p . 335).
Temperatures w ith in  the t r e e  phloem, where the b e e tle  larvae 
th r iv e ,  a re  u sua lly  sev era l degrees h igher than  the  ambient a i r  tem­
p e ra tu re  (Gaumer and Gara, 1967, p . 376). This i s  s ig n if ic a n t ,  as 
a i r  tem peratures in  th e  9 0 's may in crease  b e e t le  m o rta lity  w ith in  
the  phloem under c e r ta in  con d itio n s. The d iffe ren c e  between a i r
and phloem tem peratures i s  even g re a te r  when t r e e s  are under a 
m oisture s t r e s s ,  in d ic a tin g  th a t  high b ee tle  m o rta lity  may occur a t 
lower a i r  tem peratures during s t r e s s  periods.
The d iffe re n c e  between th e  tem perature w ith in  the phloem and 
th e  a i r  tem perature appears to  be highly im portant during th e  w inter 
season as w ell. Warmer tem peratures w ithin  th e  t r e e  phloem perm it 
brood su rv iv a l, but th e  more severe  a i r  tem peratures lim it th e  mo­
b i l i t y  of the  in se c t from tr e e  to  t r e e .
Laboratory experiments have been attem pted to  determ ine the  
tem perature regime w ith in  the  phloem most conducive to the successfu l 
reproduction  o f th e  southern p ine b e e tle . Temperatures between 68°F. 
and 70°F. rep re sen t th e  rea rin g  environment b e s t  su ited  fo r in s e c t  
success (Gaumer and Gara, 1967, p . 377). Lower tem peratures ten d  to  
in c re a se  the tim e involved fo r generation  development, and h ig h er 
tem peratures c o n tr ib u te  to increased  b e e tle  m o rta li ty .
P re c ip ita t io n  E ffec ts
The re la tio n s h ip s  between southern p ine  b e e tle  outbreaks and 
v a r ia t io n s  in  p re c ip i ta t io n  have been well documented, but th e re  are  
h ig h ly  c o n flic tin g  view points regard ing  the v a l id i ty  of the  in s e c t-  
r a i n f a l l  a s so c ia tio n . One o f th e  e a r l ie s t  co n trib u tio n s  on th e  sub­
j e c t  was published in  1925 by Craighead, who a sse r te d  th a t a c o rre ­
l a t io n  ex isted  between r a in f a l l  d e fic ien cy  and th e  abundance o f 
southern  pine b e e tle s  in  d e s tru c tiv e  numbers. In ad d itio n , he de­
term ined a lso  th a t  excess p re c ip i ta t io n  was resp o n sib le  fo r "very  
heavy and e ffe c tiv e "  in se c t m o rta li ty  (1925, p . 577).
Most ea rly  resea rch  concurs w ith C raighead 's i n i t i a l  f in d in g s . 
S t. George (1930) and Merkel (1956) both lend support to  the  theory  
th a t  extended drought weakens the  host tre e  and f a c i l i t a t e s  the in ­
tru s io n  o f bark b e e t le s .
More recen t s tu d ie s  tend to  be more sk e p tic a l regard ing  co r­
r e la t io n s  between southern  pine b e e tle  a c t iv i ty  and drought. H etrick  
noted th a t  excesses in  r a in f a l l  as w ell as d e fic ie n c ie s  may con­
t r ib u te  to  outbreaks o f th e  southern pine b e e tle  (1949, p . 469). 
During a period  of excessive p re c ip ita t io n  w ith in  h is  study reg ion  
in  northern  F lo rid a , H etrick  noted a sharp increase  in  southern pine 
b e e tle  a c t iv i ty .  He con jectu red  th a t  con tinual damage to  th e  host 
t r e e s ' roo t systems a t t r ib u te d  to  the  abnormally high w ater ta b le  
and a sso c ia ted  poor drainage weakened the  tre e s  s ig n if ic a n t ly , p e r ­
m ittin g  southern pine b e e tle  in fe s ta t io n  (1949, p . 467). This is  
co rrobora ted  by Lorio and Hodges (1968, p . 397) in  L ouisiana, who 
noted th a t  tre e s  under continuous flooding cond itions during the  
w in ter and spring  o f 1967 were re a d ily  a ttacked  and k i l le d  by 
southern  p ine b e e tle s .
The e f fe c t  o f excess m oisture was examined in  fu r th e r  d e ta i l  
by King (1969, 1971), an entom ologist a t  Clemson U n iversity , who 
attem pted to  c o rre la te  raw p re c ip ita tio n  d a ta  w ith southern p ine 
b e e tle  d a ta  on a monthly b a s is . K ing's a r t i c l e s  a re  im portant 
co n trib u tio n s  since they  examined the  p re c ip ita tio n -b e e t le  r e l a ­
tio n sh ip  on a seasonal b a s is ,  allow ing fo r  the  is o la t io n  o f the  
w in ter and summer p re c ip ita t io n  c h a ra c te r is t ic s  most conducive to  
outbreak occurrence. This enabled him to  recognize th a t  the  com­
b in a tio n  o f a p re c ip i ta t io n  excess in  one season and a p re c ip ita t io n
d e fic ien cy  in  another has a s ig n if ic a n t  e f fe c t  upon outbreak prob­
a b i l i ty .  His an a ly s is  suggests th a t  years w ith above normal southern 
pine b e e tle  a c t iv i ty  a re  ch arac te rized  by excessive p re c ip ita t io n  
in  the  w in ter and spring  months coupled w ith d e f ic ie n t p re c ip ita t io n  
in  th e  summer months (King, 1969, p . 10). A cause-and -e ffec t r e ­
la tio n sh ip  i s  not n e c e ssa r ily  im plied, but a seasonal a n a ly s is  o f 
th i s  type fu rn ish es some in s ig h t in to  the  p o ss ib le  connection be­
tween b e e tle  a c t iv i ty  and p re c ip ita t io n .
I t  i s  apparent th a t  host t r e e  v igor i s  dependent upon p re ­
c ip i ta t io n  v a r i a b i l i ty .  R a in fa ll v a r ia b i l i ty  appears a lso  to  have 
an e f fe c t  upon in se c t popu la tions. The m oisture content o f the  
phloem, which la rg e ly  c o n tro ls  th e  success or f a i lu re  o f th e  southern 
pine b e e tle  brood, i s  h igh ly  dependent upon v a ria tio n s  in  p re c ip ­
i t a t io n .  The lowest phloem m oisture content occurs during extreme 
dry p e rio d s , when th e  host t r e e  i s  under a m oisture s tr e s s  (Gaumer 
and Gara, 1967, p . 375). Lower phloem m oisture content c o n trib u te s  
b e n e f ic ia l ly  to  brood development a f t e r  th e  eggs a re  hatched, and 
i f  h igh m oisture con ten t i s  m aintained beyond a c e r ta in  po in t in  
th e  e a r ly  development o f a brood, the  r e s u l ts  a re  de trim ental 
(Gaumer and Gara, 1967, p. 316).
E ffe c ts  o f Other C lim atic V ariables
Unusual c lim a tic  cond itions o th e r than extreme tem perature 
and p re c ip ita t io n  v a r ia tio n s  may, in  sp e c if ic  cases, weaken the 
host t r e e  and in c rease  the  p ro b a b ility  o f southern pine b e e tle  i n ­
t ru s io n .
Within th e  sou theaste rn  s ta te s ,  l ig h tn in g -s tru c k  t r e e s  o ffe r  
a favorab le  a tta c k  and brood environment fo r  southern pine b e e tle s  
CHodges and P ickard , 1971, p . 44). The flow o f o leo re s in  i s  much 
reduced in  s tru ck  t r e e s ,  and in se c t in tru s io n  i s  consequently more 
l ik e ly .
Trees which have su ffe red  physica l damage from extreme 
weather occurrences a re  s im ila r ly  su sce p tib le  to  a tta c k . Wind- 
f e l le d  tre e s  o r t r e e s  which have lo s t  limbs through wind a c tio n  a re  
most o ften  ra p id ly  a ttacked  (S t. George, 1930, p . 825). Severe ice  
storms are  a lso  capable o f limb removal, o ften  lowering host t r e e  
re s is ta n c e  to th e  p o in t where southern pine b e e tle  a tta c k  i s  l ik e ly .
Man's A lte ra tio n  of the  Environment
By in s t i tu t in g  various s i lv ic u l tu r a l  p ra c tic e s , man has 
a l te re d  many o f th e  n a tu ra l co n tro l mechanisms which determ ine the  
p ro b a b ility  and in te n s i ty  o f southern  pine b e e tle  outbreaks. In 
most cases , man's c o n trib u tio n  has been harmful ra th e r  than b e n e f ic ia l .
Over ex tensive  areas o f the  South w ith in  the  range o f the  
southern  pine b e e t le ,  the  composition and age of fo re s t  lands have 
been co n tro lle d  v igo rously . Pure, even-aged stands o f lo b lo lly  and 
s h o r t le a f  pine have rep laced  the  p rev iously  mixed fo re s ts .  Bennett 
(1965, p . 52) has observed th a t  pure stands o f  the  host tr e e  p resen t 
a d e s ira b le  environment fo r  the  southern pine b e e tle , as " , . . the  
in se c t has un lim ited  h o st m a te ria l a t  hand and fewer o b stac le s  a t  
lo ca tin g  i t . "
Man has u n w ittin g ly  augmented th e  ex ten t o f southern p ine 
b e e tle  a tta c k s  by o th er means. Many new ly-planted stands o f  host
t r e e s  have been developed upon unfavorable s i t e s ,  and t r e e  v igor in  
th ese  stands has been lowered correspondingly . Influenced by the  
d e s ire  fo r th e  h ighest economic y ie ld  o b ta in ab le , many stands o f 
lo b lo lly  p ine have been overstocked by d ire c t  human a c tio n , a ty p ic a l 
c h a ra c te r iz a tio n  o f a poorly-managed a re a . The p ro b a b il i ty  o f in t r a ­
sp e c if ic  species com petition  i s  enhanced, and the p o s s ib i l i ty  o f a 
southern pine b e e tle  outbreak i s  increased . Repeated human d is tu r ­
bance to  s o i l  and ro o ts  has a lso  provided id ea l cond itions fo r 
b e e tle  a tta c k . Poor pruning and th inn ing  p ra c tic e s  have weakened 
many t r e e s ,  in creasin g  the  p ro b a b ility  o f southern p ine b e e tle  in ­
tro d u c tio n .
Bennett (1968, p . 13) has reviewed severa l o th e r man-induced 
circum stances th a t  decrease t r e e  re s is ta n c e  and enhance a ttack  
p ro b a b ility . Some o f h is  examples include: c le a r -c u tt in g  hardwoods
to  e s ta b lis h  pines where hardwoods are  the  n a tu ra l climax species, 
a l te r in g  n a tu ra l d rainage by b u ild ing  highways with inadequate 
c u lv e r t system s, f a i l in g  to  salvage severe ly  fire-dam aged t r e e s ,  
the  n a ilin g  o f signs or fences to  su scep tib le  p in es , and the in ­
s t i tu t i o n  of c a re le ss  h a rvesting  p ra c tic e s  th a t  u n n ecessa rily  d is tu rb  
the  remainder o f the  stand .
These and o th er human a l te r a t io n s  o f th e  n a tu ra l environment 
have con tribu ted  to  th e  development o f  southern p ine b e e tle s  in  the 
South. While the  exact e f fe c t  o f human in te rfe re n c e  upon b ee tle  
a c t iv i ty  i s  im possible to  determ ine q u a n ti ta t iv e ly , n a tu ra l con tro l 
measures such as c lim a tic  fa c to rs  may be assessed  in  terms o f  quan­
t i t a t i v e  a n a ly s is . The follow ing chap ters  w ill  p e r ta in  to  the  quan­
t i t a t i v e  m anipulation o f c lim a tic  da ta  as i t  r e la te s  to  southern pine
b e e tle  ou tbreaks.
Predators and P a ra s ite s  A ffecting  Southern Pine Beetle Populations
Various p a ra s i te s  and p red a to rs  a f fe c t  s ig n if ic a n t ly  th e  
dynamics o f southern p ine b e e tle  popu la tions. Although the r e ­
sponsib le  p a ra s i te  and p reda to r species have been id e n tif ie d  and 
stud ied  in  some d e ta i l ,  the  environm ental t r ig g e r  mechanisms which 
determine th e i r  e f fe c t  upon southern p ine b e e tle  populations a re  
not well understood.
Several p a r a s i t ic  fungi appear resp o n sib le  fo r the d ec lin e  
o f b e e tle  p o p u la tio n s, but in se c t p reda to rs and p a ra s i te s  a re  th e  
most im portant b io t ic  agents c o n trib u tin g  to  decreases in  southern  
p ine b e e tle  a c t iv i ty .  The most e f fe c tiv e  p reda to ry  agent appears 
to  be the  in se c t Thanasimus dubius F. w ith in  th e  family C leridae 
fMoore, 1972, p . 58]. Moore determined th a t w ith in  an experim ental 
brood of southern  pine b e e tle s , 24.4% were k i l le d  by p a ra s i te s  or 
p red a to rs , and c le r id s  were resp o n sib le  fo r over h a lf  o f th ese  
k i l l s  (1972, P* 60). Woodpeckers rank second in  importance among 
p red a to rs , but appear responsib le  fo r  only o n e -f if th  of the  k i l l s  
by p reda to rs o r p a ra s i te s .  In se c ts  o f  the  fam ily  Braconidae_rep­
resen t the  most s ig n if ic a n t  p a r a s i t ic  organisms a ffe c tin g  southern  
p ine b e e tle  p o p u la tio n s, but they are  resp o n sib le  fo r le ss  than  
15% of the  t o t a l  k i l l  by p reda to rs o r p a ra s i te s .
Thatcher and Moore have attem pted to  determ ine the e f f e c ts  
o f clim ate  upon se lec te d  p reda to rs and p a ra s i te s  o f  the southern  
pine b e e tle . Thatcher noted th a t  c le r id  la rvae  have been observed 
to  survive tem perature drops to  0°F. (1960, p . 13). This i s  s ig ­
n if ic a n t ,  as southern pine b e e tle  broods su f fe r  heavy m o rta lity  a t  
th is  tem perature. Low tem peratures may thus favor b io lo g ic a l con tro l 
by increasing  the  p reda to r-sou thern  pine b e e tle  r a t io  (Thatcher,
1960, p . 13). I t  i s  th e re fo re  suggested th a t  e f fo r ts  should be made 
to  prevent the  need less d e s tru c tio n  o f c le r id s  such as T. dubius. 
Trees from which p ine  b e e tle s  have ju s t  emerged in  th e  spring  o ften  
con ta in  la rg e  popu lations o f T. dub ius. Such tre e s  should remain 
unsprayed, as most o f  the  southern pine b e e tle s  w ill be preyed 
upon by T. dubius, and populations o f  the  p red a to r w il l  be p e r­
m itted  to  increase  (Thatcher and Pickard, 1966, p . 957).
Moore has attem pted to  c o r re la te  the  a c t iv i t i e s  o f th ree  
fungi which are pathogens o f th e  southern pine b e e tle  w ith v a r i ­
a tio n s  in  tem perature and hum idity. His experiment in d ica ted  th a t  
the fungi were most pathogenic between 15 and 25°C., as the  num­
ber o f days fo r th e  southern p ine b e e tle  to  reach 90% m o rta lity  
was le a s t  w ith in  these  tem peratures (Moore, 1973, p . 57). Humidity 
appeared to  have a minimal e f fe c t  upon th e  v iru len ce  o f the  fungi. 
Based upon h is  study, Moore suggested th a t  the  tre e  fungi sp ec ie s , 
A sperg illu s flavus Link, Beauveria bassiana  V uillem in, and Fusarium 
so lan i Martinus showed, 11. . . s u f f ic ie n t  promise as b io lo g ic a l 
co n tro l agents to  w arrant a d d itio n a l t e s t s  o f p a th o g en ic ity  and 
range o f e ffe c tiv en e ss  under various tem peratures and humidity 
le v e ls ” (1973, p. 54).
I l l
PROCEDURAL DESIGN
This chap ter in troduces the  two independent methodologies 
which w ill  be u t i l i z e d  to  determ ine the  re la tio n sh ip  between clim ate 
and southern  p ine b e e tle  outbreaks. The suggested methods a re  qu ite  
d iv erse  in  th e i r  approach. The f i r s t  technique i s  based simply upon 
an a n a ly s is  o f raw c lim a tic  d a ta , while the  second i s  based upon 
em pirical estim ates o f m oisture exchange w ith in  the  hydrologic cycle . 
I t  i s  the  a u th o r 's  con ten tion  th a t  the  second methodology i s  superio r 
to  th e  f i r s t  when app lied  to  a research  problem of th is  type.
An an a ly sis  o f in se c t and c lim ate  d a ta  sources and th e  manip­
u la t io n  o f these  d a ta  w ill a lso  be attem pted w ith in  th is  chap ter.
The White Method
In 1969, White, an A u stra lian  z o o lo g is t, devised an index to  
measure th e  weather-induced s tre s s  o f  tre e s  a sso c ia ted  w ith in se c t 
outbreaks in  h is  country . S p e c if ic a lly , White was most in te re s te d  
in  C ardiaspina d e n s ite x ta  T aylor, a p s y l l id  which has devasta ted  a 
species o f eucalyptus in  sou theaste rn  A u s tra lia  since  1900 (1969, 
p. 905).
White had noted th a t  periods o f  most in ten se  outbreaks o f 
C. denfeitexta were ch arac te rized  by w in ters th a t  had been unusually  
wet and summers th a t  had been unusually  dry (1969, p . 905). This 
is  s im ila r  to  the re la tio n s h ip  between clim ate  and southern  pine 
b e e tle  outbreaks as proposed by King, d iscussed  in  th e  previous
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chapter.
In an attem pt to  assess a p o ss ib le  C. d e n s ite x ta -clim ate 
a sso c ia tio n , White devised a " s t r e s s  index", which rep resen ted  a 
measure o f the  s t r e s s  imposed upon the  t r e e s  by v a r ia tio n s  in  r a in ­
f a l l  (1969, p. 905]. He transform ed th e  r a in f a l l  fo r  summer 
(December-February) and fo r  w in ter (A pril-O ctober) fo r  each year o f 
study to  standard normal d ev ia te s  about th e i r  re sp ec tiv e  means. In 
th is  manner, he th eo rize d , w in ter and summer r a in f a l l  v a r ia tio n s  
could be compared and c o n tra s ted .
White fu r th e r  examined the  cum ulative e f fe c t  o f  severa l suc­
cess iv e  years o f the  same type o f weather by computing 3-year running 
means o f  the  standard  dev ia tes (Figure 4 ) . The d iffe re n c e  between 
each w in ter 3-year mean and i t s  succeeding summer 3 -year mean was 
defined  as p o s itiv e  i f  the  w in ter had been w etter than the  summers, 
and negative  i f  th e  w inter had been d r ie r  than the  summers (Figure 
5 ). He a sse rte d  th a t  the  former cond ition  was conducive to  outbreaks 
of C. d e n s ite x ta , as . . a  p o s it iv e  o r in creas in g  value fo r  the  
s t r e s s  index during a period  in d ic a te s  th a t  tre e s  were l ik e ly  to  
have been under s t r e s s  during th a t  period" (White, 1969, p. 906). 
W hite's da ta  an a ly s is  seems to  lend support to  h is  hypothesis.
There a re  two major shortcomings w ith  W hite's s t r e s s  index. 
F i r s t ,  th e re  i s  no co n sid era tio n  o f s o i l  m oisture s to rag e , an 
e s s e n t ia l  environmental v a ria b le  when considering  changing p a tte rn s  
in  t r e e  v igo r. Although White recognized th e  s ig n ific an c e  o f s o i l  
m oisture sto rage v a r ia tio n s  (1969, p. 905), h is  technique is  not 
equipped to  cope w ith th is  param eter. A second, and somewhat r e ­
la te d  shortcoming a r is e s  from W hite's n eg lec t of s i t e  co n sid era tio n s .
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Fig. 4. - Standard normal d ev ia te s  and th ree -y ea r running 
means o f summer and w in ter p re c ip ita t io n :  K eith, South A u s tra lia .
The d iffe ren c e s  in  the  magnitude o f seasonal p re c ip ita t io n  were 
used to  compute W hite's s t r e s s  index (Figure 5).
Source: T.C.R. White, "An Index to  Measure Weather-Induced S tre ss
o f Trees A ssociated With Outbreaks o f P sy llid s  in  A u s tra lia ,"  
Ecology, Vol. 50, p . 906 (1969).
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F ig . 5, -  S tre s s  index computed fo r  K eith , South A u s tra l ia .
White contends t h a t  ou tb reaks of C. d e n s ite x ta  a re  most l ik e ly  to  
occur when th e  s t r e s s  index i s  p o s i t iv e .  The p lo t te d  index  re p re s e n ts  
th e  d if fe re n c e  between th e  w in te r  and summer stan d ard  d e v ia te s  i l l u s ­
t r a t e d  in  F igure  4. When w in te r s tan d ard  d e v ia te s  exceed summer 
stan d ard  d e v ia te s , th e  s t r e s s  index i s  p o s i t iv e .
Source: T.C.R. W hite, "An Index to  Measure W eather-Induced S tre s s
o f  T rees A ssoc ia ted  With O utbreaks o f P s y l l id s  in  A u s tr a l ia ,"  Ecology, 
Vol. 50, p . 906 (1969).
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Once again , he recognized th a t  t r e e s  growing on poor s i te s  where the  
s o i l  i s  freq u en tly  waterlogged a re  more l ik e ly  to  be severe ly  s tre s se d  
than tr e e s  growing on w ell-d ra ined  s i t e s .  Yet no considera tion  o f  
th is  fa c to r  is  included w ith in  h is  index.
Despite th ese  shortcom ings, W hite's technique rep resen ts  a 
r e la t iv e ly  e f f ic ie n t  means of handling raw c lim a tic  da ta  in  a study 
o f th is  type. His index w ill  be app lied  to  southern  pine b e e tle  
d a ta  w ith in  the follow ing chap ter.
The Thornthwaite Method
The second proposed method attem pts to  r e c t i f y  some o f th e  
disadvantages in h eren t w ith in  the  White index. W hite's s t r i c t  r e ­
lia n ce  upon raw c lim a tic  da ta  to  achieve h is  means does not provide 
any in s ig h t in to  th e  energy-m oisture exchange a c tu a lly  occurring  
w ith in  an area . The model b e s t-su ite d  to  perform th is  task  must 
take  in to  account the  amount o f w ater evaporated o r tra n sp ire d  w ith in  
a given environment through tim e, and the amount o f  water s to red  
w ith in  the s o i l ,  which may be l a t e r  ex trac ted  fo r  evaporation and 
tra n s p ira tio n  purposes. With th is  knowledge a t  hand, i t  is  p o ss ib le  
to  assess periods o f m oisture s t r e s s  more acc u ra te ly , and b e t te r  
understand the tru e  re la tio n sh ip  between clim ate  and southern p ine  
b e e tle  outbreaks.
The c lim a tic  w ater balance, proposed here as the model b e s t-  
su ite d  fo r  a ssess in g  c lim ate-sou thern  pine b e e tle  re la tio n s h ip s , 
was introduced in to  th e  l i t e r a tu r e  in  1944 by Thornthw aite, and used 
by him as the b a s is  fo r  a new c la s s i f ic a t io n  o f c lim ates (Thornthwaite 
and Mather, 1957, p . 184). Since th a t  tim e, fu r th e r  s tu d ies  o f  th e
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w ater ba lance  have led  to  ex ten sio n s  o f  th e  balance  and i t s  a p p l i ­
c a t io n s . By combining im portan t c lim a to lo g lc a l and h y d ro lo g ic a l 
e lem ents w ith in  a r e l a t i v e ly  uncom plicated model framework, th e  
w ater ba lance  p ro v id es fo r  a q u a n t i ta t iv e  assessm ent o f  th e  hydro­
lo g ic  c y c le . For example, Mather (1968) u t i l i z e d  th e  b a lan ce  to  
determ ine  i r r ig a t i o n  needs o f crops in  humid a re a s , K a lk ste in  (1971) 
a ttem pted  to  e v a lu a te  th e  c lim a tic  requ irem en ts  o f c o tto n  and corn 
in  L ou isiana  through use o f  th e  T horn thw aite  method, and M uller 
(1972) a p p lied  w ater ba lance  components fo r  u se  in  a re g io n a l 
environm ental in v en to ry  o f  w ater re so u rc e s  in  L ou isiana.
The prim ary advantage o f  th e  T horn thw aite  w ater b a lan ce  over 
raw c lim a tic  d a ta  a n a ly s is  i s  i t s  c o n s id e ra tio n  o f th e  s o i l  m oistu re  
s to ra g e  f a c to r .  The im portance o f  in c lu d in g  a s o i l  m o is tu re  s to rage  
e s tim a te  w ith in  a c lim a to lo g ic a l-e c o lo g ic a l  study  o f  t h i s  type  i s  
underscored  by th e  f a c t  th a t  lo b lo l ly  p in es  growing on fav o ra b le  
w e ll-d ra in e d  s i t e s  have been shown to  be more r e s i s t a n t  to  sou thern  
p ine  b e e t le  a t ta c k  th an  th o se  growing on p o o rly -d ra in ed  s i t e s .  Raw 
c lim a tic  d a ta  cannot d is t in g u is h  between th e s e  d if fe re n c e s .
The most b a s ic  param eter found w ith in  th e  w ater b a lan ce  i s  
p o te n t ia l  e v a p o tra n sp ira tio n  (PE) which re p re s e n ts  an a ttem p t by 
T horn thw aite  to  e s tim a te  th e  amount o f  w ater l o s t  from a v e g e ta tio n -  
covered su rfa ce  by means o f  ev ap o ra tio n  and t r a n s p ir a t io n  (Thornthw aite 
and M ather, 1955, p . 15). The PE e x p re ss io n  assumes th a t  m o istu re  
i s  n o t a  l im it in g  f a c to r ,  and i t  re p re s e n ts  th e  id e a liz e d  amount o f  
w ater t h a t  would be l o s t  i f  therm al energy a lo n e  was th e  l im itin g  
f a c to r .  However, in  re a l-w o rld  s i tu a t io n s ,  m o istu re  i s  n o t always 
adequate . T hornthw aite  th e re fo re  d e fin ed  a c tu a l  e v a p o tra n sp ira tio n
(AH) as the  amount o f water lo ss  which occurs when both energy and 
m oisture are  l im itin g  fa c to rs . The AE concept i s  based upon the  
assumption th a t  m oisture becomes p ro g ressiv e ly  le s s  a v a ilab le  to  
v eg e ta tio n  as s o i l  m oisture i s  d ep le ted . T herefore, when s o i l  
m oisture is  a t  f i e ld  cap ac ity , a c tu a l ev ap o tran sp ira tio n  i s  governed 
s t r i c t l y  by energy a v a i la b i l i ty ,  and hence, AE and PE ra te s  are 
equal. As s o i l  m oisture sto rage  i s  dep le ted  through use by vege­
ta t io n ,  a m oisture s tr e s s  r e s u l ts  and ev ap o tran sp ira tio n  ra te s  are  
dim inished reg a rd le ss  o f energy a v a i la b i l i ty .  During periods of 
m oisture s t r e s s ,  ac tu a l evapo transp ira tion  ra te s  a re  le s s  than po­
t e n t i a l  r a te s ,  re s u l tin g  in  a m oisture d e f ic i t  (D); the  d e f ic i t  i s  
simply the  d iffe re n c e  between AE and PE v a lu es.
The w ater balance is  a lso  capable o f approximating m oisture 
su rp lu s values given evapo transp ira tion  ra te s  and s o i l  m oisture 
s to ra g e . When p re c ip ita t io n  exceeds m oisture demand (PE) and s o i l  
m oisture s to rage  i s  a t  capac ity , a m oisture surp lus (S) i s  in d ica ted . 
The su rp lu s , which rep resen ts  m oisture a v a ila b le  fo r  surface ru n o ff 
and groundwater, has im portant environmental ram if ic a tio n s , as i t  
d i r e c t ly  c o n tro ls  s o i l  drainage and water ta b le  le v e ls .
The c lim ato lo g ica l-h y d ro lo g ica l approach, as rep resen ted  by 
the  Thornthwaite model, provides an em pirical index h e lp fu l in  de­
term ining i f  a c lim ate-sou thern  pine b e e tle  re la tio n sh ip  e x is ts .  I f  
a re la tio n sh ip  i s  uncovered, the  sp e c if ic  c lim ato lo g ica l components 
most resp o n sib le  fo r  southern p ine b e e tle  outbreaks may be p inpoin ted  
and examined in  fu r th e r  d e ta i l .
The Com putation o f  T hornthw aite  Water B alance Components
One o f th e  g rea t advantages o f the  Thornthwaite method i s  
the minimal amount o f d a ta  necessary  fo r com putation. A ir tem per­
a tu re  and p re c ip ita t io n  measurements over a designated  tim e period  
rep re se n t a l l  th e  d a ta  needed to  develop a w ater balance fo r  a given 
a rea . With the  necessary  c lim a tic  d a ta  a t  hand, a water balance may 
be constructed  over any tem poral range d esired . For example, y early , 
monthly, weekly, d a ily , and even hourly water balance may be r e ­
quired to  help solve a given environmental problem. In th is  study , 
both d a ily  and monthly w ater balances were computed to  c o r re la te  
w ith southern p ine b e e tle  d a ta  a lso  expressed in  d a ily  and monthly 
u n its .
The i n i t i a l  step  in  developing the  water balance i s  an e s ­
tim ation  o f p o te n t ia l  ev ap o tran sp ira tio n  (Table 2 ) . The magnitude 
of PE i s  dependent upon a i r  tem perature and the  geographic lo ca tio n  
of th e  a rea  in  questio n , as Thornthwaite has inco rpora ted  a c o rre c ­
tio n  term w ith in  th e  PE v a ria b le  to  account fo r varying daylength 
a t  d if f e re n t  l a t i tu d e s .  The c o rre c tio n  term may be ex trac ted  from 
necessary  ta b le s  published through the  Laboratory o f Climatology in  
C enterton , N .J. (Thornthwaite and Mather, 1957, pp. 185-311).
S ub trac ting  th e  computed p o te n tia l  ev ap o tran sp ira tio n  from 
the  p re c ip ita t io n  produces a s e r ie s  o f p o s it iv e  and negative  numbers 
which rep re se n t p o te n tia l  ad d itio n s  or su b trac tio n s  from th e  s o i l  
m oisture sto rage  (Column 5, Table 2 ). I f  the  r e s u l ta n t  P-PE value 
is  p o s i t iv e , the  m oisture demand fo r  th a t  p a r t ic u la r  month has been 
met, and ac tu a l ev ap o tran sp ira tio n  equals p o te n t ia l  ev ap o tran sp ira tio n .
TABLE 2
COMPUTATION OF A MONTHLY WATER BALANCE: WARREN, TEXAS, 1958-1959
TEMP. (TOP CHANGEd STf  CHANGE ,
MONTH F PE Pb P-PE INCH) ST APWL6 (LOWER) ST AEg Dn S1
Ja n ., 1958 48.9 0.5 8.0 7.5 1.0 0.0 5.0 0,0 0.5 0.0 7.5
Feb. 48.1 0.5 4.7 4.2 1.0 0.0 5.0 0.0 0.5 0.0 4.2
Mar. 54.4 1.5 1.1 -0.4 0.6 -0.4 5.0 0.0 1.5 0.0 0.0
Apr. 67.4 2 .9 2.3 -0.6 0.0 -0 .6 5.0 0.0 2.9 0.0 0.0
May 74.1 5.0 4.1 -0.9 0.0 0.9 4.2 -0.8 4.9 0.1 0.0
June 81.1 6.3 0.1 -6.2 0.0 7.1 1.2 -3 .0 3.1 3.2 0.0
Ju ly 82 .9 7.2 1.1 -6 .1 0.0 13.2 0.3 -0.9 2.0 5.2 0.0
Aug. 82.0 6.5 0.0 -6 .5 0.0 19.7 0.1 -0.2 0.2 6.3 0.0
S ep t. 78 .4 5.2 7.4 2.2 1.0 1.0 1.3 1.2 5.2 0.0 0.0
Oct. 67 .2 2.6 3.6 1.0 1.0 0.0 2.3 1.0 2.6 0.0 0.0
Nov. 59.2 1.3 1.4 0.1 1.0 0.0 2.4 0.1 1.3 0.0 0.0
Dec. 50.2 0.5 1.4 0.9 1.0 0.0 3.3 0.9 0.5 0.0 0.0
Ja n .,  1959 48.5 0.5 2.0 1.5 1.0 0.0 4.8 1.5 0.5 0.0 0.0
Feb. 55.9 1.0 6 ,6 5 .6 1.0 0.0 5.0 0.2 1.0 0.0 5.4
Mar. 57.7 1.5 1.6 0.1 1.0 0.0 5.0 0.0 1.5 0.0 0.1
Apr. 65.6 2.9 6.0 3.1 1.0 0.0 5.0 0.0 2.9 0.0 3.1
TABLE 2 -  Continued
MONTH
TEMP.










ST AEg Dh S1
May 76.0 5.3 4.8 -0.5 0.5 -0.5 5.0 0.0 5.3 0.0 0.0
June 79.1 6.0 3.0 -3.0 0.0 -0.5 2.5 3.0 -2.0 5.5 0.5 0.0
Ju ly 79.9 6.5 9.0 2.5 1.0 1.0 (0.5) 4.5 1.5 6.5 0.0 0.0
Aug. 80.6 6.2 4.3 -1 .9 0.0 -1 .0 1.4 3.8 -0.7 6.0 0.2 0.0
Sept. 77.8 5.2 2.6 -2.6 0.0 0.0 4.0 2.2 -1 .6 4.2 1.0 0.0
Oct. 68.9 3.2 4.9 1.7 1.0 1,0 2.9 0.7 3.2 0.0 0.0
Nov. 54 .4 1.1 1.4 0.3 1.0 0.0 3.2 0.3 1.1 0.0 0.0
Dec. 52.1 0.8 6.6 5.8 1.0 0.0 5.0 1.8 0.8 0.0 4.0
Represents p o te n tia l evapo transp ira tion , expressed in  inches.
^Represents p re c ip ita tio n  expressed in  inches, 
cRepresents th e  f i r s t  inch o f s o i l  m oisture ex tracted  from the upper horizon.
^Represents change in  sto rage  from the  preceding month.
0
Represents accumulated p o te n tia l  water lo s s , o r the sum o f consecutive negative P-PE va lues. 
U tiliz ed  fo r  computing s o i l  m oisture e x tra c tio n  by means o f decreasing a v a i la b i l i ty  (Thornthwaite and 
Mather, 1957, p . 190 and pp. 253-255).
^Represents f iv e  inches o f  s o i l  m oisture ex tracted  from lower horizons.
TABLE 2 -  Continued
R epresents actual evapotranspiration expressed in  inches 
^Represents d e f ic it  expressed in  inches.
Represents surplus expressed in  inches.
wcn
However, i f  the  P-PE value i s  n e g a tiv e , m oisture must be ex trac ted  
from the so il by lo ca l vegeta tion  in an a ttem pt to  meet th e  m oisture 
demand.
Considering the  w ater-holding c a p a c itie s  o f the  p resen t s o il  
types and the v e r t i c a l  ex ten t o f th e  ro o t zones w ithin  a stand  o f 
lo b lo lly  p ine, an estim ate  o f th e  a v a ila b le  s o i l  m oisture was in ­
corporated  w ith in  th e  Thornthwaite form ula. I t  i s  assumed th a t  the  
maximum amount o f  s o i l  m oisture a v a ila b le  w ith in  the ro o t zone of 
th e  p resen t v e g e ta tio n  on th e  southern  pine b e e tle  study s i t e s  is  
s ix  inches (Thornthwaite and Mather, 1957, p . 244).
In th is  s tu d y , the s o i l  i s  defined  as a tw o-level system in  
term s o f so il m oistu re  d ep le tio n . F i r s t ,  m oisture from th e  upper 
horizons o f the  s o i l  p ro f i le  i s  ra p id ly  d ep le ted . The s o i l  m oisture 
in  the  lower horizons remains r e la t iv e ly  untouched u n t i l  upper- 
lev e l m oisture d e p le tio n  i s  com plete. At t h i s  p o in t, v eg e ta tio n  
m oisture dependency s h i f ts  to  th e  lower le v e ls  and the  rem aining 
m oisture is  u t i l i z e d  (H il le l ,  1971, p . 217).
A v a r ia tio n  o f the standard  Thornthwaite model has been de­
veloped to  allow  fo r  the  tw o-level m oisture d e p le tio n . The f i r s t  
inch o f m oisture i s  depleted in  term s o f equal a v a i la b i l i ty .  This 
im plies th a t th e  f i r s t  inch o f  m oisture may be ex trac ted  w ithout 
imposing any s t r e s s  upon the  v e g e ta tio n . The remaining f iv e  inches 
(which rep resen t m oisture a t  th e  lower horizons) i n i t i a l l y  remain 
untouched. A fte r th e  f i r s t  inch i s  com pletely removed, th e  f iv e  
inches a t  lower le v e ls  are dep le ted  in  terms o f  decreasing a v a i l ­
a b i l i ty .  The concept o f decreasing  a v a i la b i l i ty  is  based upon the  
follow ing prem ise: 11. . . a s  th e  s o i l  d r ie s ,  w ater is  lo s t  from th e
s o i l  a t  a r a te  somewhat le s s  than th e  p o te n tia l r a t e ” (Thom thwaite 
and M ather, 195S, p . 24). For example, in  Warren, Texas during June 
of 1958, PE or m oisture demand was 6.2 inches g re a te r  than a v a ila b le  
p re c ip ita t io n . However, only 3 .0  inches o f m oisture was a c tu a lly  
removed from the s o i l .  At th is  p o in t,  a m oisture s t r e s s  i s  imposed 
upon th e  vege ta tion .
When p re c ip ita t io n  i s  le ss  than  PE, the a c tu a l evapo transp ira - 
tio n  equals the p re c ip i ta t io n  plus any m oisture s to re d  in  the ground 
which i s  evaporated or tra n sp ire d  (change in  s to ra g e , Columns 7 and 
10, Table 2 ). M oisture d e f ic i t  fo llow s simply from bookkeeping c a l ­
c u la tio n s , and equals th e  d iffe ren ce  between AE and PE values.
M oisture surplus may a lso  be c a lcu la te d  with ease , and rep re sen ts  
excess w ater which r e s u l t s  when p re c ip ita t io n  i s  g re a te r  than PE 
and s o i l  m oisture s to rag e  is  a t  i t s  s ix  inch c a p a c ity .
Data Sources
The lo ca tio n , ex ten t and accuracy o f da ta  a v a ila b le  to  d e te r ­
mine th e  in te n s ity  o f southern p ine b e e tle  a c t iv i ty  w ill  be described . 
The sources o f c lim a tic  da ta  app lied  to  both the  White and Thornthw aite 
models w ill a lso  be d efin ed .
Southern Pine B eetle Data Sources
Southern pine b e e tle  a c t iv i ty  i s  being p re s e n tly  m onitored on 
a re g u la r  b asis  in  both Texas and Louisiana. In sou theaste rn  Texas, 
d e ta ile d  ta b u la tio n s  o f  th e  ex ten t and spread o f southern  pine b e e tle s  
have been compiled s in ce  1958 by th e  Forest Pest C ontrol Section  o f
th e  Texas Forest S erv ice  and have been made a v a ila b le  fo r th is  study. 
The ta b u la tio n s  a re  the r e s u l t  o f  southern p in e  b e e tle  d e te c tio n  
f l ig h t s  over p r iv a te  lands in  E ast Texas (F igure 6 ). The f l ig h ts  
a re  made, in  s in g le -en g in e , high-wing a i r c r a f t  a t  an a l t i tu d e  of 
1500 fe e t  on n o rth -so u th  f l ig h t  l in e s  spaced a t  2 .5-m ile in te rv a ls  
(Mason and Jones, 1969, p. 2 ). In sec t a c t iv i ty  i s  monitored in  th is  
manner approxim ately once a month and is  confirm ed by the  Texas 
F o rest Service by means o f ground checks. The d a ta  a re  tab u la te d  
in  terms of th e  exact lo ca tio n  o f in sec t a c t iv i ty  and th e  number o f 
" a c tiv e  spots" p re se n tly  undergoing b ee tle  a tta c k  (Table 3 ). An 
a c tiv e  spot re p re se n ts  an area where host t r e e s  are  being in fe s te d  
by southern p ine  b e e t le s . The number o f t r e e s  w ith in  each ac tiv e  
spot is  estim ated by the  a e r ia l  observer and l a t e r -determ ined more 
p re c is e ly  by th e  ground observer.
The primary purpose o f th e  Texas d a ta  ta b u la tio n  i s  to  advise 
landowners th a t  t r e e s  on th e i r  p roperty  are  undergoing southern  pine 
b e e tle  a tta c k . U nfortunate ly , th e  actual ta b u la tio n  o f d a ta  fo r r e ­
search  purposes i s  o f  secondary importance.
In th is  study , 15 years o f monthly Texas southern p ine  b e e tle  
d a ta  were evaluated . The period  o f  study extended from May, 1958 to  
November, 1972. The data  were ex trac ted  from compiled reco rds of 
southern  pine b e e tle  a c t iv i ty  tab u la te d  on inform ation shee ts  s im ila r  
to  Table 3. The number o f a c tiv e  spots observed each month was com­
puted and c o rre la te d  with the app rop ria te  c lim a tic  d a ta . Although 
e stim ates  of the  number o f a ttack ed  tree s  were a v a ila b le  (Columns 3 
and 6, Table 3 ) , th ese  f ig u res  were considered highly  in accu ra te  and 
were no t u t i l i z e d  in  th i s  study. A erial d e te c tio n  cannot evaluate
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Fig. 6. - The southern p ine b e e tle  study reg io n s . The 
Texas area  includes segments o f Polk, T y le r, and Hardin C ounties, 
where southern pine b e e tle  a c t iv i ty  i s  p resen tly  being monitored 
by the Texas Forest S erv ice . The Louisiana area i s  centered  in  
A llen P arish , where a f iv e -y e a r com pilation o f southern pine b e e tle  
a c t iv i ty  was re c e n tly  completed by the  Southern Forest Experiment 
S ta tio n . C lim atic d a ta  from E lizab e th , Louisiana and Warren, Texas 
were evaluated and c o rre la te d  w ith southern  pine b e e tle  da ta .
TABLE 3
TABULATION OB SOUTHERN PINE BEETLE ACTIVITY 
BY THE FOREST PEST CONTROL SECTION OP THE 



















P resen tly  
Under - 
A ttack
622 184H14 IS A 10/15 70
623 284L1 25 A 10/17 5
624 231G3 20 A 10/20 195
625 285V7 15 I 10/15 0
626 233Y6 10 A 10/27 13
627 133T11 15 A 10/20 8
628 133Y12 15 I 10/15 0
629 133D15 15 I 10/15 0
Numbers re p re se n t the  to ta l  number o f a c tiv e  spo ts de tec ted  
since  January 1, 1969. These ac tiv e  spo ts a re  de tec ted  s t r i c t l y  from 
a e r ia l  o b se rv a tio n .
A d e ta ile d  g r id  system has been devised by the  Texas Forest 
Service in  an attem pt to  lo c a te  the  de tec ted  a c tiv e  spot fo r  subsequent 
ground check. The expressed g r id  numbers each rep re se n t an a rea  o f 
approxim ately one a c re .
The a e r ia l  observer estim ates th e  approximate number o f tre e s  
a tta c k e d . This f ig u re  is  o f te n  in ac cu ra te , as i t  is  estim ated from an 
a l t i tu d e  o f  approxim ately 1500 f e e t .
^Subsequent ground checks determ ine i f  the a c tiv e  spo t is  
p re se n tly  undergoing b e e tle  a tta c k  (A.) . Spots la b e lle d  I a re  in a c tiv e  
and have been destroyed a t  a previous d a te .
The ground observer confirms the  ex is tence  o f an a c tiv e  spot 
on th is  d a te .
f
The ground observer ta b u la te s  the number o f tre e s  p re se n tly  
undergoing sou thern  p ine b e e tle  a tta c k s .
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th e  ex ten t o f a southern  pine b e e tle  a tta c k  w ith a g rea t deal o f  
p re c is io n . Although ground checks are  more p re c is e , th e  f ig u res  in  
Column 6 cannot be considered re p re se n ta tiv e  as the  lag  time between 
the  i n i t i a l  a e r ia l  d e te c tio n  and the subsequent ground check i s  f r e ­
quently  co n sid erab le . The m anipulation o f th e  u t i l i z e d  data  w ill  
be explained l a te r  w ith in  th i s  chap ter.
Southern p ine  b e e tle  d a ta  from L ouisiana were a lso  u t i l i z e d  
in  th is  study , and were compared w ith the  a v a ila b le  Texas d a ta . The 
Louisiana d a ta  were tab u la te d  in  a d if f e r e n t  manner and fo r  a d if f e r e n t  
purpose. The data  c o lle c tio n  rep re sen ts  p a r t  o f a southern pine 
b e e tle  re sea rch  program p re sen tly  in  p rog ress a t  the  Southern F orest 
Experiment S ta tio n  a t  P in e v il le , L ouisiana. Data have been compiled 
on a monthly b asis  over a f iv e -y e a r  study period  (1964-1969) on a 
sp e c if ic  study p lo t in  A llen P arish . The study p lo t extends over 
approxim ately 500 acres  o f land loca ted  two m iles southwest o f E liz a ­
be th , Louisiana. Through ex tensive ground observation , th e  number 
o f tre e s  a ttacked  on th e  study p lo t  each month was recorded by f o r ­
e s te r s  and entom ologists employed a t  th e  Southern Forest Experiment 
S ta tio n . With th e i r  perm ission, th e  a v a ila b le  5-year d a ta  s e r ie s  
was incorporated  w ith in  th is  study.
There are  sev era l in co n sis ten c ie s  among the  Louisiana and 
Texas in se c t d a ta  which may adverse ly  a f fe c t  the  r e s u l ts  derived 
from th is  study. The most im portant problem r e la te s  to  th e  use o f 
d if f e r e n t  u n i ts  in  d esc rib in g  in se c t outbreaks w ith in  the  two study 
reg ions. In sect a c t iv i ty  in  Texas i s  examined in  terms o f a c tiv e  
sp o ts , while Louisiana d a ta  a re  expressed in  term s o f number o f  
in fe s te d  t r e e s .  This renders th e  Louisiana d a ta  more accura te  than
the Texas d a ta , as each tre e  w ith in  th e  Louisiana study area is  
examined on a monthly b a s is  to  determ ine i f  b e e tle  in fe s ta tio n  has 
occurred. Ind iv idua l t r e e  an a ly sis  would be im possible w ithin th e  
Texas study a rea , as th e  physical e x te n t o f the reg ion  is  over 2S00 
square m iles av.d the  manpower necessary  to  perform th e  task  would be 
enormous. Another d isadvantage w ith in  the  Texas d a ta  i s  the use o f  
a e r ia l  observation  to  d e te c t southern  p ine  b e e tle  ou tbreaks. The 
determ ining fa c to r  involved in  the  a e r ia l  d e te c tio n  o f ac tiv e  spo ts 
depends upon the  observation  of d e c lin in g  tre e s  whose needles have 
yellowed. A fter such an observation , i t  i s  assumed th a t  southern 
pine b e e tle s  a re  responsib le  fo r th e  d e c lin e . I t  i s  d i f f i c u l t  to  
a sc e r ta in  whether t r e e s  are  dying from southern p ine b e e tle  a tta c k  
o r from extraneous fa c to rs  when observ ing  from an a l t i tu d e  of 1500 
fe e t .  A th ird  disadvantage with th e  d a ta  is  the lim ite d  temporal 
ex ten t o f th e  inform ation  a t  hand. The a v a i la b i l i ty  o f only 15 
years o f  Texas data  and fiv e  years o f  Louisiana d a ta  rep resen ts  a 
se rio u s  lim itin g  fa c to r  w ith in  th e  study . Although th e  southern 
pine b e e tle  has plagued su scep tib le  sp ec ies  o f pine in  the  south­
eas te rn  United S ta te s  fo r  decades, th e re  are  no long-term  co n tin ­
uous reco rds o f in se c t outbreaks throughout the reg io n .
Another p o ss ib le  flaw w ith in  th e  in se c t d a ta  a t  both s i t e s  
is  the  lack  o f  knowledge p e rta in in g  to  the  e ffe c t  o f  man-induced 
co n tro l measures upon southern p ine  b e e t le  outbreak f lu c tu a tio n s .
In order to  a t t r ib u te  f lu c tu a tio n s  in  southern p ine b e e tle  a c t iv i ty  
to  c lim ate , i t  must be assumed th a t  a fa c to r  such as man's con tro l 
e f fo r ts  has had a n o n -s ig n if ic a n t e f f e c t  upon the d a ta . Through 
the  use o f  p e s tic id e s  and genera lly  improved s i lv ic u l tu r a l  te c h ­
niques, i t  appears th a t  southern p ine  b e e tle  a c t iv i ty  has been 
co n tro lle d  o ccasio n a lly  in  lo c a liz e d  areas over sh o rt time p e rio d s . 
However, considering  th a t outbreak frequencies have been g en e ra lly  
in creas in g  through tim e, i t  may be assumed th a t  chemical o r b io ­
lo g ic a l co n tro l measures have apparen tly  had only a minimal e f f e c t  
upon la rg e -sc a le  southern  pine b e e tle  outbreaks.
D escrip tion  o f th e  Study Areas
The two a reas  chosen in  t h i s  study are only about 150 m iles 
a p a r t , and th e i r  physica l a t t r ib u te s  are  somewhat s im ila r in  terms 
of c lim ate , s o i l ,  and vegetation  cover. Located on th e  Gulf C oastal 
P la in , the  c lim ate  o f both a reas i s  ty p ic a lly  humid su b tro p ic a l. 
Temperatures in  both  regions are  m ild throughout th e  year, and sub­
freez in g  read ings a re  encountered only occasionally  during th e  
period  November through March (Table 4 ). -Temperature f lu c tu a tio n s  
during th e  w in ter season may be very  g re a t, and these  v a r ia tio n s  
might a f fe c t  the  p ro b a b ility  o f a southern  pine b e e tle  outbreak . 
P re c ip ita t io n  amounts are d is tr ib u te d  q u ite  evenly throughout the  
year. However, p re c ip ita t io n  i s  h igh ly  v a ria b le  among y e a rs , and 
these  v a r ia tio n s  might a lso  a f f e c t  the  outbreak success o f th e  
in se c t.
The s o i l  type underlying th e  la rg e s t  p ropo rtion  of th e  study 
area i s  an u l t i s o l ,  a so il  c h a r a c te r is t ic  o f warm, humid reg ions 
(U.S. Department o f  A g ricu ltu re , 1951, pp. 225-236). U lt is o ls  
ex h ib it g en era lly  a c id ic  pH values and frequen tly  have subsurface 
horizons o f c lay  accum ulation. As a r e s u l t ,  the  s o i l  m oisture
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January 52.3 62.6 41.6 8 0 52.2 63.9 40.0 10 0
February 54.6 64.5 43.1 3 0 54.9 67.0 42.8 6 0
March 61.0 71.7 49.1 2 0 60.2 73.4 47.0 5 0
A pril 67.4 78.2 55.4 0 + 67.4 79 .9 54.7 0 +
May 74.3 85.0 63.5 0 6 73.8 86.1 61.4 0 7
June 80.7 91.1 68.7 0 22 79.7 92.0 67.4 0 22
Ju ly 82 .4 92 .6 72 .2 0 29 81.8 94.1 69 .4 0 28
August 82 .4 92.7 71.7 0 29 82.1 94.4 69.9 0 26
September 78.4 89.1 66.9 0 19 77.4 90.1 64.6 0 19
October 69 .0 81.2 56.4 + 5 68.6 82.5 54.6 1 4
November 58.6 70.4 46.8 3 0 58,0 71.4 44.6 6 0
December 52.8 63 .2 42.0 8 0 53.1 65.7 40.5 10 0
ANNUAL 67.8 78.5 56.5 24 110 67.4 80.0 54.7 38 106
TABLE 4 -  Continued
MEAN
ELIZABETH1
NO. DAYS f  
>0.10 IN.
2 . PRECIPITATION
NO. DAYS - 
>0.50 IN. MEAN
WARRENe
NO. DAYS n 
>0.10 IN. 1
NO. DAYS f  
>0.50 IN.
January 5.39 6 3 4.69 7 2
February 4.97 7 3 4.35 6 3
March 5.12 6 3 3.53 5 1
A pril 5.08 5 3 5.38 7 3
May 5.36 5 3 4.94 4 2
June 4,32 6 3 4.40 6 3
Ju ly 5.33 7 3 4.85 6 3
August 4.79 7 2 3.34 6 2
September 3.83 6 3 3.62 6 3
October 3.70 5 2 3.97 5 3
November 4.53 6 3 4.66 6 2
December 5.72 6 4 5.26 7 4
ANNUAL 58.14 72 35 52 .99 71 31
TABLE 4 -  Continued
*E lizabeth  and Warren a re  located  adjacent to  the southern pine b e e tle  study s i t e s  ( re fe r  to 
Figure 6 ) .
+Mean le s s  than one day per month.
E lizabeth  tem perature data  based upon 50 years o f reco rd ,
Warren tem perature d a ta  based upon 20 years o f record .
^ e a n  number o f days fo r  the month,
^E lizabeth  p re c ip ita t io n  data  based upon 66 years o f Tecord.
Warren p re c ip ita t io n  data  based upon 24 years o f record .
£
Mean number o f days fo r  the  month.
Source: U.S. Weather Bureau, C lim atic Summary o f  the United S ta te s : Supplement fo r 1951 Through
I960.
sto rage  cap ac ity  of an u l t i s o l  is  q u ite  h igh. A major subgroup o f 
the  u l t i s o l s ,  the  a q u u lts , d e fin es  more s p e c if ic a l ly  the  s o i l  type 
o f the  reg ion . The aquu lts  a re  h igh ly  m ottled and e x h ib it numerous 
concretions o f iro n  and manganese. Over much o f  th e  a re a , a very 
b r i t t l e  but f r ia b le  frag ipan  e x is ts  in  the  su b so il, h indering  the 
drainage c a p a b il i t ie s  o f the  s o i l  by commonly in te r fe r in g  w ith 
w ater and ro o t p e n e tra tio n  (U.S. Department o f A g ricu ltu re , 1951, 
p. 243). In the  so u th e rly  reaches o f  th e  study reg ion  in  Texas, 
v e r t i s o ls  ra th e r  than u l t i s o l s  predom inate. V e rtiso ls  have a c h a r­
a c t e r i s t i c a l l y  h igher c lay  con ten t than do the  neighboring u l t i s o l s ,  
and develop wide, deep cracks during dry p e rio d s . A frag ip an  gener­
a l ly  does not develop w ith in  a v e r t i s o l ;  however, s o i l  m oisture s to r ­
age capac ity  i s  s im ila r  to  th a t  o f the  u l t i s o l s .
The prim ary host t r e e  o f th e  southern p ine b e e tle , lo b lo l ly  
p in e , is  abundant w ith in  both study reg io n s . S h o rtle a f  p in e , another 
p re fe rred  h o s t, i s  q u ite  common w ith in  the  Texas study reg io n , but 
le s s  common in  A llen P a rish . On th e  b a s is  o f th e  a u th o r 's  o b se r­
v a tio n , these  two pine species re p re se n t th e  dominant v eg e ta tio n  on 
both study s i t e s .  Bald cypress, Taxodium distichum  R ich ., unaffec ted  
by b e e tle  a t ta c k , i s  found in  the  more poo rly -d ra ined  a re a s . Hard­
woods a re  p resen t in  both a reas but a re  not dominant. Beech, Fagus 
g ra n d ifo lia  Ehrh. and Magnolia spp. are  most common in  A llen  P a rish , 
while sweetgum, Liquidambax s ty ra c if lu a  L ., i s  widespread in  both 
study reg ions . Various species o f oak, includ ing  w ater oak, Quercus 
n ig ra  L ., and l iv e  oak, Quercus V irg in ia  M il l . ,  a re  o ccasio n a lly  
found in  both a re a s , but appear to  be more common in  the  southern  
reaches o f the  Texas study a rea .
Among the  two study s i t e s ,  a g re a te r  d iv e r s i ty  o f v eg e ta tio n  
e x is ts  w ith in  the  East Texas study reg io n . Although both reg ions 
c o n s is t p rim a rily  o f stands which a re  n a tu ra l in  com position, man's 
impact upon the  landscape has been more in tense  w ith in  the  Louisiana 
a re a , and frequen t c o n tro lle d  burning to  remove u ndesirab le  hard ­
woods and lessen  com petition among species has been ev iden t. Con­
t r o l l e d  burning i s  p rac tic ed  le s s  freq u en tly  w ith in  th e  Texas study 
a rea , and th e  p ropo rtion  of hardwood t r e e  species i s  correspondingly  
g re a te r . The p ra c tic e  of monoculture has increased  in  importance 
on the  L ouisiana s i t e .  Developing a monoculture re p re se n ts  a sim­
p l i f i c a t io n  o f any given ecosystem in  terms of b io t ic  d iv e rs ity .
Many in h eren t dangers may be a sso c ia ted  with such a man-induced con­
d i t io n , not the  le a s t  being the  development o f an un lim ited  food 
supply fo r  a p a r a s i t ic  p es t such as th e  southern p ine b e e tle . I t  
has been suggested by numerous re sea rch e rs  th a t th e  increasing  pop­
u la r i ty  o f monoculture as a "d e s ira b le "  s i lv ic u l tu r a l  p ra c tic e , may 
in  p a r t  be resp o n sib le  fo r  the in c rease  in  pest a c t iv i ty  (such as 
southern p ine b e e tle  a c t iv i ty )  in  any given area  (Smith, 1966, p . 393).
Sources of C lim atic  Data
In o rder to  c o rre la te  se le c te d  c lim a tic  v a r ia b le s  w ith southern  
pine b e e tle  outbreak d a ta , two s ta t io n s  which reco rd  c lim a tic  d a ta  
on a re g u la r  b a s is  were se lec ted  ad jacen t to  th e  p rev io u s ly  described  
southern p ine b e e tle  study s i t e s .  The two s ta t io n s  se lec ted  were 
E lizab e th , L ouisiana, loca ted  two m iles n o rth east o f  th e  study a rea  
in  A llen P a rish , and Warren, Texas, loca ted  w ith in  th e  study a re a  in
T yler County ( re fe r  to  Figure 6) . Both s ta tio n s  a re  cooperative 
w eather s ta tio n s  opera ted  by lo c a l c i t iz e n s ,  and rep re se n t a long 
continuous record o f  c lim atic  d a ta .
Data from th e se  s ta tio n s  provided the necessa ry  input to  com­
pute th e  White and Thom thwaite m odels. Mean monthly tem perature 
and monthly p r e c ip i ta t io n  are th e  only  two c lim a tic  components nec­
essa ry  to  compute th e  Thom thwaite w ater balance. The White te c h ­
nique req u ire s  only monthly p r e c ip i ta t io n  data fo r  computation.
Data M anipulation
In Chapter I I  i t  was dem onstrated th a t sou thern  pine b e e tle  
a c t iv i ty  follows a h ig h ly  seasonal tren d  each y e a r , w ith the  most 
in te n se  outbreaks occurring  g e n e ra lly  during the  e a r ly  summer months. 
However, i t  must be r e i te r a te d  th a t  th e  in te n s i ty  o f  a c t iv i ty  i s  
h igh ly  v a ria b le  w ith in  months from y ear to  year, and th is  v a r ia tio n  
may be a t t r ib u te d  to  c lim atic  v a r ia t io n .
In order to  o b ta in  a proper p e rsp ec tiv e  regard ing  v a r ia tio n s  
in  b e e t le  a c t iv i ty ,  an examination o f  the  r e la t iv e  in te n s i ty  o f 
sou thern  pine b e e tle  a c t iv i ty  r a th e r  than the  a b so lu te  in te n s ity  i s  
necessary  (Table 5) . In th is  example, two years o f  measured southern  
p ine b e e tle  a c t iv i ty  have been i l l u s t r a t e d .  The monthly mean column 
re v e a ls  th e  ty p ic a l seasonal regime o f  b ee tle  a c t iv i t y  expected each 
y ear. However, th e  r e la t iv e  a c t iv i t y  in te n s ity  column in d ic a te s  
th a t  a c t iv i ty  in te n s i ty  was c o n s is te n tly  below normal throughout most 
o f 1965 and during th e  l a t t e r  p a r t  o f  1966. An ou tb reak  o f se rio u s  
p ro p o rtio n s  occurred during October o f  1965 and p e rs is te d  through 
November, as in d ic a te d  by the h ig h ly  p o s itiv e  r e l a t i v e  a c t iv i ty  in -
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TABLE 5
AN EVALUATION OF SOUTHERN PINE BEETLE ACTIVITY: 
ALLEN PARISH, LOUISIANA, JANUARY, 1965 
TO DECEMBER, 1966a
NUMBER RELATIVE
OF TREES ACTIVITY TREND
ATTACKED INTENSITY FROM
(ABSOLUTE . MONTHLY (DEPARTURE, PREVIOUS
MONTH INTENSITY)0 MEAN0 FROM MEAN) MONTHe
January , 1965 20 91 - 71 -----
February 13 85 - 72 - 1
March 6 99 - 93 -  21
A pril 10 81 - 71 + 22
May 58 169 -111 - 40
June 282 380 - 98 + 13
Ju ly 239 333 - 94 + 4
August 158 163 - 5 + 89
September 104 4 141 - 37 -  32
October 383 221 +162 +199
November 254 167 + 87 - 75
December 105 109 - 4 -  91
January , 1966 109 91 + 18 + 22
February 67 85 - 18 -  36
March 131 99 + 32 + 50
A pril 144 81 + 63 + 31
May 198 169 + 29 -  34
June 370 380 - 10 -  39
Ju ly 378 333 + 45 + 55
August 135 163 -  28 -  73
September 121 141 - 20 + 8
October 132 221 -  89 -  69
November 105 167 - 62 + 27
December 85 109 - 27 + 35
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TABLE 5 -  C ontinued
Represents a segment o f th e  ac tual d a ta  u t i l i z e d  w ith in  th is
study .
The abso lu te  in te n s ity  re p re se n ts  the a c tu a l number o f  t r e e s  
a ttacked  on th e  study p lo t  during a given month a s  measured by th e  
Southern F o rest Experiment S ta tio n .
Computed from th e  f iv e  y ear tim e -se rie s  o f  southern p ine  b e e tle  
data  from A llen P a rish , L ouisiana.
^Represents th e  d iffe ren c e  between the  a c tu a l  number o f  t r e e s  
attacked  fo r  a given month and th e  monthly mean. The f ig u re  i s  negative 
when th e  mean exceeds the number o f  tre e s  a tta c k e d . This v a r ia b le  was 
la b e lle d  Y1 in  the  subsequent s t a t i s t i c a l  a n a ly s is .
0
Represents th e  trend  in r e l a t i v e  in se c t a c t iv i ty  from th e  p re ­
vious month. For example, the tre n d  from February, 1965 ( r e la t iv e  
a c t iv i ty  in te n s i ty  = -72) to  March, 1965 ( r e la t iv e  a c t iv i ty  in te n s i ty  = 
-93) equals -21 . T his v a ria b le  was la b e lle d  Y2 in  the  subsequent 
s t a t i s t i c a l  a n a ly s is .
te n s i ty  values. Above normal in se c t a c t iv i ty  was a lso  encountered 
during th e  spring o f 1966. Notice a lso  th a t  although abso lu te  ac ­
t i v i t y  in te n s i ty  alm ost doubled from May to  June, 1966, the  r e la t iv e  
a c t iv i ty  in te n s i ty  a c tu a lly  decreased from +29 to  -10 during th ese  
two months. Such a d i f f e r e n t ia t io n  would not be p o ss ib le  when using  
abso lu te  a c t iv i ty  d a ta  alone.
In th is  a n a ly s is ,  v a ria tio n s  in  in se c t a c t iv i ty  about a monthly 
mean in  Texas and L ouisiana ( re la t iv e  a c t iv i ty  in te n s ity )  were c o rre ­
la ted  w ith c lim atic  d a ta  obtained from th e  Thom thw aite model. In 
the  forthcoming s t a t i s t i c a l  a n a ly s is , these in se c t d a ta  were la b e lle d  
dependent v a ria b le  Yl. There was no attem pt to  c o r re la te  abso lu te  
in se c t d a ta  with c lim a tic  v a ria b le s  evolved from the  Thom thw aite 
a n a ly s is , as only r e la t iv e  in se c t in te n s i ty  values were used.
Another dependent v a ria b le  was generated to  study th e  tren d s  
in southern  pine b e e tle  a c t iv i ty  from one month to  the  next (Column 
5, Table 5 ). I t  would be advantageous to  c o rre la te  Thom thw aite 
c lim a tic  param eters w ith  monthly tren d s in  southern pine b e e tle  ac ­
t i v i t y ,  a s the rap id  commencement and term ina tion  o f severe in se c t 
outbreaks can be w e ll-d e tec ted  in  th i s  manner. The major emphasis 
in  dependent v a ria b le  Yl i s  to  examine only v a r ia tio n s  in  a c t iv i ty  
w ith in  months; fo r example, comparing a c t iv i ty  in te n s i ty  between 
June o f 1965 and June o f 1966. By examining tren d s  in  r e la t iv e  ac­
t i v i t y  from previous months, the  model i s  now capable of comparing 
r e la t iv e  d a ta  among o r between months, which i s  c e r ta in ly  a  necessary  
aspect o f  th is  study . The c lim a tic  components resp o n sib le  fo r  the  
sharp r i s e  in  r e la t iv e  in te n s i ty  between September and October o f  
1965, fo r  example, could  now be is o la te d  and evaluated .
To perform th is  ta sk , r e la t iv e  in se c t a c t iv i ty  d a ta  were ex­
pressed in  terms o f  tren d s  from the  previous month. The highly 
p o s it iv e  tren d  from September to  October o f 1965 in d ica ted  th a t en­
vironm ental cond itions were favorab le  fo r  an in crease  in  in se c t a c ­
t i v i t y  in te n s i ty .  However, the  negative  tren d s th a t  ensued during 
the  next two months in d ica ted  th a t  environmental cond itions were 
le s s  fav o rab le , and r e la t iv e  outbreak in te n s i ty  dropped d r a s t ic a l ly .  
By evaluating  the tren d  in  r e la t iv e  a c t iv i ty  in te n s i ty ,  a q u an ti­
ta t iv e  expression  has been devised to  in d ic a te  i f  cond itions neces­
sary  fo r  an outbreak o f  southern p ine b e e tle s  are  improving or de­
te r io r a t in g .
The tren d s in  r e la t iv e  a c t iv i ty  in te n s i ty  from th e  previous 
month were a lso  c o rre la te d  with d a ta  from th e  Thom thw aite model.
In the forthcoming s t a t i s t i c a l  a n a ly s is , these  in se c t da ta  were 
lab e lle d  dependent v a ria b le  Y2.
The m anipulation o f the  c lim a tic  d a ta  was handled in  much th e  
same manner as the  in se c t d a ta . A monthly Thom thw aite water balance 
was computed over th e  same time period  as th e  a v a ila b le  southern 
pine b e e tle  d a ta  on th e  two study s i t e s .  C lim atic components de­
riv ed  from th e  Thom thw aite technique were not examined in  terms o f  
ac tu a l v a lu es , but c lim a tic  v a r ia tio n s  about a mean value were com­
puted. Again, r e la t iv e  values a re  o f more s ig n if ic an c e  in  a study 
o f  th is  type than abso lu te  va lues. A la rg e  m oisture surp lus in  Ju ly  
would be h igh ly  unusual owing to  th e  g rea t energy demand (PE), while 
a m oisture surp lus o f  s im ila r  magnitude in  January would ba a f r e ­
quent occurrence (Table 6 ). I f  th e  c lim a tic  d a ta  were s ta te d  in  
ab so lu te  term s, th e  p o ss ib le  r e la t iv e  s ig n if ic an c e  o f th ese  m oisture
TABLE 6
THORNTHWAITE CLIMATIC VARIABLES IN TERMS OF ABSOLUTE AND RELATIVE VALUES: 




















January, 1965 0.0 0.0 0.0 1.5 4.1 -2 .6
February 0.0 0.0 0.0 4.0 4.0 0.0
March 0.0 0.0 0.0 5.6 3.5 +2.1
A pril 0.6 0.0 +0.6 0.0 2.7 -2 .7
May 0.6 0.3 +0.3 0.0 2 .0 -2 .0
June 2.8 0.9 +1.9 0.0 0.6 -0 .6
Ju ly 1.4 1.3 +0.1 0.0 0,3 -0.3
August 3.1 1.7 +1.4 0.0 0.0 0.0
Septanber 0.0 1.0 -1 .0 0.0 0.0 0.0
October 1.6 0.7 +0.9 0.0 0.5 -0 .5
Nov ember 0.0 0.0 0.0 0.0 1.5 -1 .5
December 0.0 0.0 0.0 5.1 4.2 +0.9
January, 1966 0.0 0.0 0.0 7.6 4.1 +3.5
February 0.0 0 .0 0.0 6.2 4.0 +2.2




















March 0.0 0.0 0.0 0.0 3.5 -3 .5
A pril 0.0 0.0 0.0 5.4 2.7 +2.7
May 0.1 0.3 -0 .2 0.0 2.0 -2 .0
June 0.9 0,9 0.0 0.0 0.6 -0 .6
Ju ly 2.7 1.3 +1.4 0.0 0.3 -0 .3
August 1.2 1.7 -0 .5 0.0 0.0 0.0
September 0.0 1.0 -1.0 0.0 0.0 0.0
October 0.0 0.7 -0.7 0.0 0.5 -0 .5
November 0.0 0.0 0.0 1.9 1.5 +0.4
December 0.0 0.0 0.0 3.7 4.2 -0 .5
& • •Clim atic values expressed in  inches o f m oisture d e f ic i t  or su rp lu s . 
Based upon a 30-year record ; 1941-1970.
su rp lus values would be obscured.
The c lim a tic  d a ta  were divided u ltim a te ly  in to  21 independent 
v a ria b le s . Three basic  Thom thw aite components were examined: 
p o te n tia l  e v a p o tran sp ira tio n , m oisture su rp lu s , and m oisture d e f i c i t .  
Each of these  th re e  components was subdivided in to  seven c l a s s i f i ­
ca tio n s  to  account fo r  th e  e f fe c t  o f tem poral v a r ia tio n s  in  c lim ate 
upon southern p ine  b e e tle  a c t iv i ty .  Pine b e e tle  a c t iv i ty  fo r  a 
c e r ta in  month was c o rre la te d  with the m oisture d e f ic i t  fo r  th a t 
month, the m oistu re  d e f ic i t  one month previous to  th e  month in  ques­
t io n ,  two months previous to  the  month in  question , th re e  months, 
fo u r months, f iv e  months, and s ix  months previous to  the  month of 
th e  southern p in e  b e e tle  a c t iv i ty  in  q u estio n . The p rocess was r e ­
peated  fo r the  m oisture su rp lu s and p o te n tia l  evap o tran sp ira tio n  d a ta  
(Table 7). This technique was e s tab lish ed  to  define  the  lag  time 
th a t  e x is ts  between the c lim a tic  t r ig g e r  mechanism and the  subsequent 
response in  sou thern  pine b e e tle  a c t iv i ty .
I t  is  p o ss ib le  th a t  th e  th ree  b asic  Thom thw aite param eters 
used here a re  q u ite  d if f e r e n t  in  terms o f t h e i r  temporal e ffe c ts  
upon southern p ine  b e e tle  a c t iv i ty .  For example, a m oisture d e f i c i t  
two months p r io r  to  a southern  pine b e e tle  outbreak might induce 
th e  most s ig n if ic a n t  e f fe c t  upon th a t outbreak among the seven d e f i c i t  
v a r ia b le s , w hile  a m oisture su rp lus f iv e  months p r io r  to  the  same 
southern  pine b e e t le  outbreak might be th e  most resp o n sib le  component 
among the seven su rp lu s v a r ia b le s . The s t a t i s t i c a l  model app lied  to  
t h i s  study must possess th e  c a p a b ili ty  o f  d isc rim in a tin g  between pos­
s ib le  d iffe re n c e s  in  tem poral re la tio n sh ip s  among th e  th re e  indepen­
dent v a ria b le  groups.
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TABLE 7
A STATISTICAL EVALUATION OF THE CLIMATE-SOUTHERN 
PINE BEETLE RELATIONSHIP:
LOUISIANA DATA, JANUARY -  SEPTEMBER, 1966a
DEPARTURE FROM MONTHLY MEAN IN INCHES
MONTH Ylb Y2b EVAPOTRANSPIRATION0 DEFICIT0 SURPLUS0
January, 1966 +18 +25 •
o
I 0.0 +3.5
February -18 -36 1 -0 .4 0.0 +2.2
1
March +32 +50 1 -0 .2 0.0 -3 .5 11
A pril +63 +31 t1
0.0 0.0 +2.7 1
1
May +29 -34 1|
0 .0 -0 .2 -2 .0
1
1
June -10 -39 1
1
-0 .7 0.0 -0 .6 1!
|ju ly +45 +55 1 0 .0 +1.4 -0 .3 1
August -28 -73
J
-0 .4 -0 .5
1
0.0  1
:September -20 + 8 -0 .9 -1 .0 0.0
aThe Ju ly , 1966 Yl and Y2 values were c o rre la te d  w ith the 21 
c lim a tic  v a ria b le s  enclosed  w ith in  the  s o l id  l in e .  The August, 1966 
Yl and Y2 values were c o rre la te d  w ith th e  21 c lim a tic  v a ria b le s  en­
closed w ith in  th e  dashed l in e .  The September, 1966 Yl and Y2 values 
were c o rre la te d  w ith th e  21 c lim atic  v a ria b le s  enclosed w ith in  the  
d o tted  l in e .
bFor exp lanation  o f  Yl and Y2 r e f e r  to  pages 52-53, In se c t 
da ta  obtained from th e  study s i t e  in  A llen  P a rish , L ouisiana ( re fe r  to  
Table 5, page 50, columns 4 and 5 ) .
°Thornthwaite c lim a tic  components derived from c lim a tic  da ta  
obtained from th e  coopera tive  weather s ta t io n  a t  E liz a b e th , Louisiana 
( re fe r  to  Table 6 , page 54, columns 4 and 7 ) .
The s t a t i s t i c a l  technique u t i l iz e d  to  achieve th is  purpose 
is  a stepw ise m u ltip le  re g re ss io n  a n a ly s is . In th is  type o f m u ltip le  
reg ression  technique, the c lim a tic  v a ria b le  th a t  is  most h ighly  r e ­
la te d  to  Yl or Y2 is  se le c te d  and a reg ress io n  an a ly s is  i s  performed 
to  determine i f  a s ig n if ic a n t  re la tio n sh ip  e x is ts  between the in ­
dependent v a ria b le  and the dependent v a ria b le . Next, the  an a ly sis  
examines the two c lim atic  v a r ia b le s  which, when combined, account 
fo r  the g re a te s t  amount o f  v a r ia tio n  in the  dependent v a r ia b le s .
This process i s  repeated fo r  a l l  the c lim a tic  v a ria b le s  which are 
shown to  have a s ig n if ic a n t  o r h igh ly  s ig n if ic a n t  e f fe c t  upon the 
dependent v a ria b le s .
The stepw ise m u ltip le  reg ress io n  a n a ly s is  rep re se n ts  an im­
provement over th e  standard  m u ltip le  reg ress io n  procedure. F i r s t , , 
i t  perm its c lose  observation  o f  the temporal re la tio n sh ip s  between 
the  dependent and independent v a ria b le , deemed so necessary  in  the 
previous d iscu ssio n . Second, and most im portan t, the stepw ise a n a l­
y s is  perm its " , . . a  re-exam ination a t every stage o f the  reg ress ion  
o f the  v a ria b le s  incorpora ted  in to  the model in previous stages"  
(Draper and Smith, 1967, p . 171). This is  q u ite  im portant as, "A 
(c lim a tic ) v a ria b le  which may have been the  b e s t s in g le  v a ria b le  to  
e n te r  a t  an ea rly  stage may, a t  a la te r  s ta g e , be superfluous be­
cause o f  the  re la tio n sh ip s  between i t  and o th e r v a ria b le s  now in  
the  reg ress ion"  (Draper and Smith, 1967, p . 171). The stepw ise 
m u ltip le  reg ress io n  a n a ly sis  provides fo r a judgment on th e  s ig n i f ­
icance o f  each v a ria b le  as though i t  had been the  most recen t v a r i ­
ab le  en te red , reg a rd less  o f  i t s  ac tu a l po in t o f en try  in to  the model. 
I t  i s  p o ss ib le  th a t  a previous s t a t i s t i c a l l y  s ig n if ic a n t  v a ria b le
might prove to  be n o n s ig n ific an t a t  a l a t e r  stage due to  the  complex 
in te ra c tio n s  between a l l  o f  th e  involved v a r ia b le s . In  the s te p ­
wise a n a ly s is , such a v a ria b le  may be removed from th e  model. The 
standard  m u ltip le  reg ress io n  technique i s  not capable o f th is  type 
o f v a ria b le  d isc rim in a tio n .
IV
RESULTS AND DISCUSSION
The r e s u l ts  o f th i s  study w ill be p resen ted  in  th ree  se c tio n s . 
F i r s t ,  r e la tio n sh ip s  between c lim ate  and southern p ine b e e tle  ac­
t i v i t y  determined by W hite's s t r e s s  index w ill  be d iscu ssed . Second, 
southern pine b e e tle  outbreak data  from Texas and Louisiana w ill  be 
compared and co n tra s ted  on a temporal b a s is  to  determ ine i f  in ten se  
outbreaks occur in  both areas during sim ultaneous p e rio d s . I f  they 
do n o t, i t  w ill be determined i f  Thom thw aite w ater balance compo­
nents a re  correspondingly  d if f e r e n t  between the  study s i t e s  to  ex­
p la in  s p a t ia l  d if fe re n c e s  in  outbreak in te n s i ty .  T h ird , a stepw ise 
m u ltip le  reg re ss io n  an a ly s is  between c lim a tic  da ta  derived  from the 
Thom thwaite method and corresponding in se c t d a ta  w ill  be examined.
A q u a n ti ta t iv e  p re d ic tiv e  evaluation  w ill  be developed from r e s u l ts  
derived  from the  reg re ss io n  a n a ly s is , and w ill be te s te d  a g a in s t 
1973 southern p ine  b e e tle  outbreak d a ta .
W hite's S tre s s  Index as an In d ica to r  o f Southern 
Pine B eetle Outbreaks
The White s t r e s s  index was employed in  th is  study to  determ ine 
i f  i t  i s  capable o f  exp lain ing  periods o f  high southern  p ine  b e e tle  
outbreak in te n s i ty  in  terms o f c lim a tic  v a r ia t io n s . As in d ica ted  
p rev io u s ly , the White method was r e la t iv e ly  successfu l in  a ssess in g  
the C. d e n s ite x ta -c lim ate  a sso c ia tio n  in  A u s tra lia .
The p re d ic tiv e  a b i l i ty  o f  the  s t r e s s  index was determined as
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fo llow s. F i r s t ,  the  index was c o rre la te d  w ith twelve years o f East 
Texas southern p ine b e e tle  d a ta . C o rre la tio n  w ith Louisiana southern 
pine b e e tle  d a ta  was not attem pted , as the  sample s iz e  a v a ila b le  
(5 years) was not adequate to  draw any s t a t i s t i c a l  conclusions. As 
th e  s t r e s s  index may only be developed on an annual b a s is ,  c o rre ­
sponding in se c t d a ta  were p resen ted  in  terms o f annual t o ta l s  ra th e r  
than th e  monthly values to  be u t i l i z e d  in  the  forthcoming Thom thw aite 
a n a ly s is . R e la tiv e , ra th e r  than ab so lu te , annual values fo r  southern 
p ine b e e tle  outbreaks were generated . Second, y early  tren d s in  s t r e s s  
index values were c o rre la te d  w ith y early  tren d s in  r e la t iv e  southern 
p ine b e e tle  a c t iv i ty .  Although White d id  not compare y early  trends 
in  h is  o r ig in a l re sea rch , such tren d s a re  im portant v a ria b le s  in  a 
study of th is  ty p e , as in d ica ted  in  the  preceding chap ter.
A re la tio n sh ip  does e x is t  between s t r e s s  index values and 
southern  pine b e e tle  a c t iv i ty  in te n s i ty  (Figure 7 ) . Two major in se c t 
outbreak p erio d s , 1966 to  1968 and 1972, correspond somewhat w ith 
high index v a lu es. Two periods o f sharp ly  d ec lin in g  outbreak in te n ­
s i t i e s ,  1962 to  1964 and 1968 to  1970, a re  a sso c ia ted  w ith periods 
of correspondingly  low s t r e s s  index va lues. Although a d i r e c t  r e ­
la tio n sh ip  i s  in d ic a te d , the  c o rre la t io n  between th e  s t r e s s  index 
and b e e tle  a c t iv i ty  i s  shown to  be s t a t i s t i c a l l y  n o n sig n if ic an t on 
th e  b a s is  o f l in e a r  reg re ss io n  a n a ly s is  (Figure 8 ).
A c o rre la t io n  between annual tren d s in  the  s tr e s s  index w ith 
annual tren d s in  southern p ine  b e e tle  a c t iv i ty  produced s im ila r  r e ­
s u l ts  (Figure 9 ). A very weak d i r e c t  r e la tio n s h ip  i s  in d ic a te d  but 
the  c o rre la tio n  between the  dependent and independent v a ria b le s  is  
no t s t a t i s t i c a l l y  s ig n if ic a n t .  Thus, p re lim inary  in v e s tig a tio n  in -
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Fig. 7. - R ela tionsh ip  between annual southern  pine b e e tle  
a c t iv i ty  and values o f W hite 's s t r e s s  index.
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Fig . 8. - The s t a t i s t i c a l  re la tio n sh ip  between annual southern 
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Fig. 9, - The s t a t i s t i c a l  re la tio n s h ip  between annual southern
p ine  b ee tle  a c t iv i ty  and monthly trends in  the  values of W hite's s t r e s s  
index.
d ic a te s  th a t  th e  White methodology is  no t an adequate in d ic a to r  o f 
southern p ine  b e e tle  o u tb reak s .
The f a i lu r e  o f th e  White index as a v a lid  p re d ic tiv e  to o l 
may be a t t r ib u te d  to  th e  many weaknesses in h e re n t w ith in  a c lim a tic  
model t h a t  u t i l i z e s  only  raw tem perature and p r e c ip i ta t io n  d a ta . 
Unlike th e  Thom thw aite method, th e re  i s  no a ttem pt in  th e  White 
technique to  evaluate  t r u e  m oistu re-energy  exchanges occuring  w ith in  
th e  environm ent. W hite 's u se  o f annual, r a th e r  than  m onthly, in s e c t  
da ta  c o n tr ib u te s  a fu r th e r  n eg a tiv e  e f f e c t .  By ev a lu a tin g  d a ta  on 
such a g ro ss  tem poral s c a le ,  many o f th e  s u b t le ,  y e t s ig n i f ic a n t ,  
v a r ia t io n s  th a t  e x is t  over a sh o rte r  tim e p e rio d  a re  d isreg a rd ed .
For t h i s  rea so n , i t  i s  suggested  th a t  fu tu re  u se  o f  th e  White model 
in  sou thern  p ine  b e e tle  re se a rc h  i s  not ad v isab le .
S p a t ia l  and Temporal E valuation  o f  Southern Pine B eetle
Outbreak Data
B efore proceeding to  a  Thornthw aite a n a ly s is  o f  th e  in s e c t  
d a ta , i t  i s  p e r t in e n t  to  examine tem poral v a r ia t io n s  among th e  de­
pendent v a r ia b le s .  The prim ary o b je c tiv e s  o f  t h i s  subchapter a re :
(1) to  determ ine when th e  most in te n se  in s e c t  a c t iv i ty  occu rred , and
(2) to  determ ine i f  in te n se  southern  p ine  b e e t le  outbreaks occurred 
over s im ila r  tim e p e rio d s  a t  both study s i t e s .
An exam ination o f  th e  Texas and L ouisiana in s e c t  d a ta  re v e a ls  
th a t  r e l a t i v e  a c t iv i ty  i n t e n s i t i e s  g en e ra lly  co inc ide  between the  
two a reas  (F igure  10). In s e c t  outbreaks were r e l a t iv e ly  in te n se  a t  
both p lac es  during  October and November o f  1965, sp ring  o f  1966, and 
most o f  1968. However, d u rin g  most o f  1964 and e a r ly  1965, a c t iv i ty
I
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Fig. 10. - A temporal comparison of Texas and Louisiana southern pine 
b e e tle  d a ta . Values are  expressed as v a r ia tio n s  around the monthly mean. The 
top p a ir  o f  bars compare Texas and Louisiana d a ta  during 1964, 1965, and 1966. 
The bottom p a ir  of bars compare in se c t d a ta  during 1967, 1968, and 1969. Both 
a reas experienced r e la t iv e ly  l ig h t  a c t iv i ty  during 1964 and 1965. However, 
during 1968 and 1969, outbreak in te n s i t ie s  were genera lly  over 50% g re a te r  than 
the  monthly mean in  Texas. Louisiana a c t iv i ty  was a lso  g re a te r  than average, 
bu t appeared le s s  in ten se  than th e  corresponding Texas a c t iv i ty .
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was r e l a t iv e ly  l ig h t  a t  both p la c e s . Some d i s p a r i t i e s  do e x is t  
between th e  two study s i t e s ,  which may be a t t r ib u te d  to  su b tle  
c lim a tic  d if fe re n c e s  between th e  two a re a s .
Although the r e l a t i v e  in s e c t  a c t iv i t y  does seem to  correspond 
between th e  a re a s , th e  magnitude o f  th e se  r e l a t iv e  d a ta  va lues e x h ib its  
a weaker c o r r e la t io n  (F igure  11]). A tem poral correspondence i s  s t i l l  
e v id e n t, bu t numerous anomolous s i tu a t io n s  a re  apparen t. The com­
p a ra tiv e ly  low number o f  in s e c t-a t ta c k e d  t r e e s  in  Louisiana during  
th e  l a s t  s ix  months o f 1964 and th e  f i r s t  s ix  months o f  1965 does 
no t c o r r e la te  w ell w ith s im ila r  d a ta  from Texas (P o in t A ). Values 
a re  below th e  mean in  both  c a se s , bu t th e  magnitude o f  th ese  va lues 
d i f f e r  s ig n i f ic a n t ly .  A s im ila r  d isagreem ent o f d a ta  between study  
s i t e s  i s  in d ic a te d  during  l a t e  1965 (P o in t B ).
F u rth er a n a ly s is  re v e a ls  th a t  th e  tem poral correspondence 
between th e  L ouisiana and Texas sou thern  p ine  b e e t le  d a ta  i s ,  in  
f a c t ,  s t a t i s t i c a l l y  n o n -s ig n if ic a n t  (F igure 12). I t  i s  hypothesized  
in  t h i s  study  th a t  e x is tin g  d if fe re n c e s  in  sou thern  p in e  b e e tle  a c ­
t i v i t y  between study s i t e s  a re  r e la te d  to  d is s im ila r  c lim a tic  cond i­
t io n s  in  th e  two a reas over th e  p e rio d  in  q u es tio n .
S p a tia l  and Temporal E valuation  o f  T hom thw aite
C lim atic  Data
An exam ination o f  mean w ater ba lance  components fo r  E liza b e th , 
Louisiana and Warren, Texas in d ic a te  th a t  bo th  a re a s  e x h ib it  s iz a b le  
w in te r su rp lu se s  and sm all summer d e f i c i t s  (F igures 13 and 14). These 
su rp lu se s  and d e f i c i t s  a re  h ig h ly  v a r ia b le  among y e a rs , and th e  v a r i ­
a tio n s  have a s ig n i f ic a n t  e f f e c t  upon th e  p ro b a b i l i ty  o f  sou thern  p ine
Variation of D. fronta lis  A ctiv ity  from  M onthty M ean (Y,)
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Fig. 11. - V aria tion  o f  southern p in e  b ee tle  a c t iv i ty  from 
th e  monthly mean (Y l): a tem poral comparison o f Texas and Louisiana 
d a ta . Po in ts (A) and (B) correspond w ith p e rio d s when th e  Texas and 
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Fig. 12. - The temporal re la tio n sh ip  between Louisiana and Texas southern pine b ee tle  data . 
Standard dev ia tion  va lues, ra th e r  than ac tu a l values, were u t i l iz e d  as d a ta  u n its  d i f f e r  between 
the two areas.
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. 13. - Mean w ater balance components fo r  Warren, Texas.
. 14. - Mean w ater balance components fo r  E lizab e th , L ouisiana.
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b e e tle  outbreaks (Figure 1 5 ) . However, im portant c lim atic  d iffe ren ces  
between th e  two study s i t e s  may be observed upon d e ta ile d  exam ination 
(Table 8 ) .  The frequencies o f very la rg e  m oisture surp luses and d e f­
i c i t s  vary  considerably  between the  two a re a s . Large w in ter season 
su rp lu ses exceeding seven inches per month occur much more freq u e n tly  
a t  E lizab e th . During th e  study p e riod , monthly su rp luses o f g re a te r  
than seven inches were recorded  on n ine  occasions a t  E liza b e th . This 
s i tu a t io n  occurred only th ree  times a t  Warren. Conversely, th e  f r e ­
quency occurrence o f monthly surp luses not exceeding one inch p e r  month 
is  g re a te r  a t  Warren, S im ila r in te r - re g io n a l  d is p a r i t ie s  were noted 
w ith m oisture d e f i c i t s .  Very la rge  monthly m oisture d e f ic i t s  (exceeding 
fou r inches) were noted a t  Warren only, where th is  condition  occurred 
on twelve occasions during the  study p e rio d .
These recognized in te r - re g io n a l v a r ia tio n s  probably have f a r -  
reaching ram ifica tio n s  concerning the e f f e c t  o f c lim ate upon th e  b io t ic  
community. The frequency o f  extreme c lim a tic  occurrences is  o ften  more 
o f te n  more responsib le  fo r  producing c e r ta in  eco log ical adap tive  r e ­
sponses than th e  mean c lim a tic  co n d itio n . In  o rder to  su rv ive  su c ­
c e s s fu lly , lo b lo l ly  pines must be capable o f a d ju s tin g  to  the  extreme, 
a lb e i t  r a r e ,  drought cond itions which occur a t  Warren. However, lob ­
lo l ly  p ines in  the  E lizabe th  study reg ion  must possess adap tive  capa­
b i l i t i e s  to  handle the extreme m oisture su rp lu ses which o ccasio n a lly  
o ccu r. I t  i s  th e re fo re  f e a s ib le  to  assume th a t  extreme drought would 
have a more extreme physio lo g ica l e f fe c t  upon lo b lo lly  p ines in  the  
L ouisiana study reg ion , w hile excessive m oisture surp lus would induce 
a g re a te r  physio log ica l response in  th e  Texas study reg io n . This notion 






Fig . IS. - Surplus and d e f i c i t  values computed fo r  Warren, 
Texas (top) and E liza b e th , Louisiana (bottom ). Great v a r ia tio n s  
in  magnitude occur from year to  y e a r.
TABLE 8
MAGNITUDE AND FREQUENCY OF MONTHLY MOISTURE DEFICIT 
















0 .0 -0 .5 29 32 0 .0 -1 .0 41 33
0 .6 -1 .0 6 13 1 .1 -2 .0 12 7
1 .1 -1 .5 7 10 2 .1 -3 .0 16 13
1 .6 -2 .0 9 3 3 .1 -4 .0 10 12
2 .1 -2 .5 3 5 4 .1 -5 .0 7 9
2 .6 -3 .0 0 4 5 .1 -6 .0 6 7
3 .1 -3 .5 4 3 6 .1 -7 .0 3 8
3 .6 -4 .0 0 0 >7.0 3 9
>4.0 12 0 TOTAL 98 98
TOTAL 70 70
aD e fic it  v a lu es w ith in  th is  ta b le  have been compiled from May 
through September, 1957-1970, Surplus values have been compiled from 
October through A p r il , 1957-1970.
^ D e fic it  and surplus c la s s  values a re  in  in ch es.
The Thornthw aite a n a ly s is  a lso  i l l u s t r a t e s  th a t  c lim a tic  con­
d itio n s  a t  Warren and E liz a b e th  a re  h igh ly  v a r ia b le  over th e  same tim e 
periods (F igures 16 and 1 7 ). I f  both p la c e s  e x h ib it  s im ila r  c lim a tic  
cond itions during  the  p e rio d  o f s tudy , th e  expected r e s u l t  would be a 
c lu s te r  o f  p o in ts  p a ra l le l in g  c lo se ly  l in e s  A and B, This would in ­
d ic a te  th a t  th e  magnitude o f  th e  su rp lu s  and d e f i c i t  va lues fo r  the  
same month a t  the  two study  s i t e s  would correspond . The f ig u re s  em­
phasize  th a t  th i s  i s  not th e  case , and the two Thornthw aite c lim a tic  
components do no t c o r r e la te  w e ll. P o in t A in  F igure 17 i l l u s t r a t e s  a 
cond ition  where the  m oisture d e f i c i t  fo r -a  c e r ta in  month was 1 .0  inch  
below normal a t  th e  Texas s i t e ,  but 1.4 inches above normal a t  the  
Louisiana s i t e .
A s t a t i s t i c a l  F - te s t  was performed on the  Texas and L ouisiana 
su rp lu s and d e f i c i t  d a ta .  I t  in d ic a te d  th a t  th e  r e la t io n s h ip  between 
th e  c lim a tic  components a t  th e  two study  s i t e s  over th e  same tim e 
period  was s t a t i s t i c a l l y  n o n -s ig n if ic a n t.
The foregoing  r e s u l t s  suggest th a t  i t  i s  q u ite  f e a s ib le  fo r  the  
southern  p in e  b e e tle  d a ta  to  vary g re a tly  between th e  two study  s i t e s .  
For th is  reaso n , the  Texas and Louisiana in s e c t  d a ta  must be examined 
independently  to  a ssess  th e  c lim ate -so u th e rn  p in e  b e e t le  r e la t io n s h ip  
more p r e c is e ly .
The Thornthw aite A nalysis as an In d ic a to r  o f  
Southern P ine  B eetle  Outbreaks'
P re lim inary  In v e s tig a tio n s
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VARIATION FROM MEAN:TEXAS DATA, MOISTURE SURPLUS (IN.)
Fig. 16. - The temporal re la tio n sh ip  between Louisiana and 










































2.0 2.5 3.01.0 1-50 .5-1.5 -1.0 - .5
VARIATION FROM MEAN: TEXAS DATA. MOISTURE DEFICIT
—
Fig. 17. - The temporal re la tio n sh ip  between L ouisiana and 
Texas c lim a tic  da ta : m oisture d e f i c i t .  Over the  study p e rio d , th e re
were 22 occasions when m oisture d e f i c i t  was 0 a t  both lo c a tio n s .
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determine i f  the  Thornthwaite model was capable o f c o rre la tin g  southern 
pine b e e tle  outbreaks w ith temporal v a ria tio n s  in  clim ate  (K alk ste in ,
1972) . Selected  Thornthwaite c lim a tic  components wore compared to  the  
number o f tre e s  in fe s te d  by southern  p ine b e e tle s  over a th re e -y e a r  
period  in  easte rn  Texas (Figures 18 and 19). No s t a t i s t i c a l  m anipulations 
were attem pted, and r e s u l ts  were based upon q u a l i ta t iv e  judgment a lone,
A d ir e c t  re la tio n sh ip  between m oisture surp lus and southern  p ine 
b e e tle  a c t iv i ty  was in d ic a te d . The extremely wet w in ter and sp ring  o f 
1969 probably induced the in ten se  outbreaks which occurred during the 
follow ing summer. Large f a l l  m oisture surp luses in  1968 preceded th e  
r e la t iv e ly  in ten se  b e e tle  outbreaks in  the  w in ter o f 1969. Normally, 
the f a l l  months in  e a s te rn  Texas a re  r e la t iv e ly  d ry , and b e e tle  a c t iv i ty  
during th e  low sun season i s  minimal. An anomolous summer su rp lu s during 
1971 apparen tly  con tribu ted  to  the  r e la t iv e ly  in te n se  a c t iv i ty  during 
the f a l l  o f  th a t  y e a r .
The e f fe c t  o f m oisture d e f i c i t  upon southern  p ine b e e tle  outbreak 
in te n s i ty  exh ib ited  a d if f e re n t  but d is t in c t iv e  p a t te rn .  In  a l l  th ree  
y e a rs , high summer m oisture d e f ic i t s  preceded a sharp decline  in  in se c t 
a c t iv i t y .  The g re a te s t  m oisture d e f i c i t s ,  which occurred in  1970, co r­
responded with minimal b e e tle  a c t iv i ty  during th e  summer o f 1970.
The p relim inary  in v e s tig a tio n  th e re fo re  suggests th a t  m oisture 
d e f ic i t s  induce a decrease  in  sou thern  p ine  b e e tle  outbreak p ro b a b il ity  
and in te n s i ty ,  w hile m oisture su rp lu ses c o rre la te  w ith  an in c re ase  in  
b e e tle  a c t iv i ty .
The e f fe c t  o f w in ter p o te n t ia l  ev ap o tran sp ira tio n  ra te s  were 
a lso  examined w ith in  th is  study, and i t  was determined th a t  th e  most 












Fig. 18. -  Number o f  tr e e s  in fe s te d  by southern p ine b e e tle s  in  
Texas study a re a :  1969-71.
Fig. 19. -  M oisture su rp lu ses and d e f i c i t s  computed from a d a ily  
Thornthw aite w ater ba lance: Warren, Texas, 1969-71.
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perienced th e  warmest w in ters (Table 9 ) .
TABLE 9
THE RELATIONSHIP BETWEEN WINTER POTENTIAL 
EVAPOTRANSPIRATION RATES AND SOUTHERN PINE BEETLE 
OUTBREAK INTENSITY: EASTERN TEXAS. 1969-1971
Year
Winter PE (inches) 
fD ec.r J a n . r Feb.")
Number o f A ttacked Trees 
______ (Peak Month)______
1969 2.32 3950 (June)
1970 1.89 1650 (July)
1971 3.19 4150 (July)
January o f 1970 was one o f the  c o ld est ever encountered w ith in  
the  study a re a , and i t s  e f f e c t  might be rep resen ted  by the r e la t iv e ly  
sparse  in se c t a c t iv i ty  which occurred during the follow ing summer.
Considering these  p relim inary  suggestions, a d e ta ile d  q u a n ti­
ta t iv e  in v e s tig a tio n  o f c lim ate-sou thern  p ine b e e tle  re la tio n sh ip s  as 
expressed in  the procedure chap ter was in i t i a t e d .
Twelve p re d ic tiv e  models were generated in  an attem pt to  de­
term ine the  p o ss ib le  ex is ten ce  o f  a cause and e f fe c t  re la tio n sh ip  
(Tables 10-13) . The f i r s t  s ix  models c o rre la te  Thornthwaite c lim a tic  
d a ta  w ith dependent v a ria b le  Yl, which rep re sen ts  departu res in  southern  
p ine  b e e tle  a c t iv i ty  about a monthly mean. Yl i s  an in d ic a to r  o f r e l ­
a tiv e  a c t iv i ty  in te n s i ty .  The next s ix  models apply s im ila r ly  to  de­
pendent v a ria b le  Y2, which rep re sen ts  the trend  in  th e  r e la t iv e  a c t iv i ty  




A STEPWISE MULTIPLE REGRESSION ANALYSIS OF THE RELATIONSHIP
BETWEEN OUTBREAKS OF THE SOUTHERN PINE BEETLE AND
THORNTHWAITE CLIMATIC DATA: STANDARD SUMMER Yl ANALYSIS3,
1. LOUISIANA MODEL (n=29)









1 D1 0.577 0.334 0.334 bD1=-66.8** 15.71 18.06**
2 SS 0.654 0.426 0.092 bS5"“ 9 *1* 4.37 4.31*
2. TEXAS MODEL (n=85)
1 SI 0.390 0.152 0.152 bs l  = 84.6** 23.66 12.77**
2 PE2 0.452 0.203 0.051 bpE2=212.6* 81.28 6.84*
3 SO 0.491 0.242 0.039 bS0 = 52-6* 25.77 4.17*
3. SHORT TEXAS MODEL (n==70)
1 SI 0.340 0.116 0.116 bSl = 86-4** 23.54 13.48**
2 PE2 0.441 0.195 0.079 bPE2=256’7** 84.88 9.14**
3 PEI 0.510 0.260 0.065 bPEr 216-4* 86.97 6.19*
4 SO 0.550 0.303 0.043 bso “ 50*°* 24.74 4.08*
*
S ig n if ic a n t on th e  95% le v e l .
"fc 4c
S ig n if ic a n t on th e  99% le v e l .
aThe standard  summer period  extends from A pril through September, 
The Louisiana model is  based upon in s e c t  data  recorded during th e  p e rio d  
1964-1969. The Texas model r e la te s  to  in s e c t  d a ta  recorded during the  
p e rio d  1958-1972. The sh o r t Texas model p e r ta in s  to  da ta  recorded during 
th e  period  1961-1972 ( r e f e r  to  page 88 fo r  e x p la n a tio n ).
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TABLE 10 -  C ontinued
^Independent v a ria b le s  a re  ranked according to  the magnitude o f 
t h e i r  e f fe c t  upon southern p ine b e e tle  a c t iv i ty  v a r ia t io n s . Only those 
independent v a ria b le s  which proved s t a t i s t i c a l l y  s ig n if ic a n t  on a t  le a s t  
th e  95% lev e l a re  l i s t e d .
c
Represents the c lim a tic  v a ria b le s  responsib le  fo r  the  subsequent 
in se c t  a c t iv i t y .  "D" rep re sen ts  d e f i c i t ,  nS" rep re sen ts  su rp lu s , and 
"PE11 rep re sen ts  p o te n tia l  e v ap o tran sp ira tio n . For example, Dl, as ex­
pressed  w ith in  the  Louisiana model, denotes m oisture d e f i c i t  one month 
previous to  the evaluated  in se c t a c t iv i ty .  Dl could sim ultaneously  
rep re sen t th e  re la tio n s h ip  between d e f ic i t  in  Ju ly  and in s e c t  a c t iv i ty  
in  August, o r the re la tio n sh ip  between d e f ic i t  in  May and in s e c t  a c t iv i ty  
in  June. In  th is  eva lua tion  o f summer season southern  p ine  b e e tle  a c ­
t i v i t y ,  the independent v a ria b le s  such as D6 and DS g en era lly  rep re sen t 
c lim a tic  conditions during th e  w in ter season. V ariab les such as D4, D3, 
or D2 u su a lly  rep re se n t c lim a tic  conditions during the  sp rin g . The Dl 
and DO v a ria b le s  are  in d ic a tiv e  o f c lim a tic  cond itions during the  summer.
TABLE 11
A STEPWISE MULTIPLE REGRESSION ANALYSIS OF THE RELATIONSHIP
BETWEEN OUTBREAKS OF THE SOUTHERN PINE BEETLE AND
THORNTHWAITE CLIMATIC DATA: SHORT SUMMER Yl ANALYSISa
1. LOUISIANA MODEL (n=19)
STEP VARIABLE R






1 Dl 0.600 0.360 0.360 bDl =- 93.5** 18.27 26.17**
2 DO 0.672 0.452 0.092 bD0 66*4** 17.21 14.91**
3 S3 0.739 0.545 0.093 bS3 ~ 12*°* 4.38 7.49*
4 PE6 0.790 0.626 0.081 bpE6=-138.6** 40.00 12.00**
5 PE5 0.840 0.706 0.080 bpE5= 11.2* 4.32 6.78*
6 D3 0.877 0.770 0.064 bD3 = 166.8* 75.98 4.82*
2. TEXAS MODEL (n=58)
1 SI 0.424 0.180 0.180 bs l  = 101.2** 29.00 12.18**
2 PE2 0.496 0.246 0.066 bPE2= 263*3* 103.59 6.46*
3 PEO 0.548 0.300 0.054 bPE0=“313,2* 151.67 4.26*
3 . SHORT TEXAS MODEL (n=47)
1 SI 0.375 0.141 0.141 bs l  = 113.0** 29.09 15.09**
2 PEI 0.508 0.258 0.117 bpE1= 352.6** 128.64 7.51**
3 PE 2 0.591 0.350 0.092 bPE2= 262*4* 105.30 6.21*
★
S ig n if ic a n t on the  95% le v e l.
**
S ig n i f i c a n t  on th e  99% l e v e l .
TABLE 11 -  C ontinued
The sh o rt summer period  extends from May through August. The 
Louisiana model i s  based upon in s e c t  da ta  recorded during th e  period 
1964-1969. The Texas model r e la te s  to  in s e c t  d a ta  recorded during the  
period  1958-1972. The sh o rt Texas model p e r ta in s  to  d a ta  recorded 
during th e  period  1961-1972 ( re fe r  to  page 88 fo r  e x p la n a tio n ).
TABLE 12
A STEPWISE MULTIPLE REGRESSION ANALYSIS OF THE RELATIONSHIP
BETWEEN OUTBREAKS OF THE SOUTHERN PINE BEETLE AND
THORNTHWAITE CLIMATIC DATA: STANDARD SUMMER Y2 ANALYSIS3,
1. LOUISIANA MODEL (n=28)
9 R2 REGRESSION STD. F-
TEP VARIABLE R R2 IMPROVEMENT COEFFICIENT ERROR VALUE
1 S4 0.366 0.134 0.134 b = . 9 4* S4 * 4.60 4.17*
f
2. TEXAS MODEL (n=81)
1 PEI 0.300 0.090 0.090 bPEr  249-0** 58.83 17.91**
2 SI 0.414 0.171 0.081 b = 5 1  1** DS1 ' 15.65 10,66**
3 PE3 0.481 0.231 0.060 bPE3=-140*8** 52.87 7.09**
4 S2 0.536 0.289 0.058 b =- 43 7** S2 12.80 11.64**
T> PEO 0.589 0.346 0.057 b =-168 1** PEO J-uo*A 63.20 7.08**
6 D6 0.617 0,381 0.035 b = 211 4* D6 102.33 4.27*
3 . SHORT TEXAS MODEL (n=68)
1 PE3 0.343 0 .118 0.118 bpE3=-191.0** 56.44 11.45**
2 PEI 0.444 0.197 0.079 bpE1= 255.5** 62.53 16.69**
3 S2 0.509 0.259 0.062 bS2 45*4** 12.18 13.89**
4 PEO 0.574 0.330 0.071 bPE0=-222’5** 68.18 10.65**
5 SI 0.634 0.401 0.071 bgl = 48.9** 16.10 9.25**
6 PE5 0.666 0.444 0.043 b = 13 4* PE5 5.41 6.11*
7 PE4 0.695 0.482 0.038 b =-123 0* PE4 * 58.03 4,49*
*
S ig n if ic a n t  on  th e  95% l e v e l .
TABLE 12 -  C ontinued
*★
S ig n if ic a n t  on th e  99% le v e l .
The standard  summer p eriod  extends from A pril through Septem ber. 
The L ouisiana model i s  based upon in s e c t  d a ta  recorded during  th e  
period 1964-1969. The Texas model r e l a t e s  to  in s e c t  d a ta  recorded 
during th e  p e rio d  1958-1972. The sh o rt Texas model p e r ta in s  to  d a ta  
recorded du rin g  th e  pe riod  1961-1972 ( r e f e r  to  page 88 fo r  exp lanation ) .
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TABLE 13
A STEPWISE MULTIPLE REGRESSION ANALYSIS OF THE RELATIONSHIP
BETWEEN OUTBREAKS OF THE SOUTHERN PINE BEETLE AND
THORNTHWAITE CLIMATIC DATA: SHORT SUMMER Y2 ANALYSIS11
1.. LOUISIANA MODEL (n=19)
n
2R REGRESSION STD. F-
rEp VARIABLE R R IMPROVEMENT COEFFICIENT ERROR VALUE
N 0 N - S I G N I F I C A N T
2t . TEXAS MODEL (n=55)
1 PE3 0.340 0.116 0.116 hpE S^192*8** 64.25 9 .00**
2 PEI 0.456 0.209 0.093 W  267-2** 77.26 11.96**
3 PEO 0.535 0.285 0.077 b =-318 9** PEO 0,y 98.60 10.46**
4 SI 0.596 0.356 0.070 bgl = 53.2** 19.20 7.68**
5 S2 0.659 0.435 0.079 bS2 =- 52.3** 16.78 9 .73**
6 PE4 0.696 0 .485 0.050 bPE4=-146*3* 67.05 4.76*
2;. SHORT TEXAS MODEL (n=46)
1 PE3 0.414 0.172 0.172 bpE3~"220 *8** 67.01 10.85**
2 PEO 0.526 0.277 0.105 bpE0=-371.8** 106 .74 12.13**
3 S2 0.604 0.365 0.088 bS2 =- 37.9* 17.80 4.53*
4 PEI 0.666 0.445 0.080 bpEi= 260.2** 80.84 10.36**
5 PE4 0.715 0.511 0.066 bPE4=- 209-3** 67.22 9.70**
6 SI 0.750 0.562 0.051 bSl = 47*°* 18.60 6.39*
7 D2 0.777 0.604 0.042 bD2 = 173.5* 75.51 5.28*
8 PE5 0.801 0.641 0.037 bp£5= 18.3* 8.27 4.91*
TABLE 13 -  C ontinued
1e
S ig n if ic an t on the  95% le v e l .
ick
S ig n if ic a n t on th e  99% le v e l .
2LThe sh o rt summer period extends from May through August. The 
Louisiana model i s  based upon in se c t d a ta  recorded during th e  period  
1964-1969. The Texas model r e la te s  to in se c t  d a ta  recorded during 
1958-1972. The sh o rt Texas model p e r ta in s  to  da ta  recorded during th e  
period 1961-1972 ( r e f e r  to  page 88 fo r  explanation) .
The data  a re  p resen ted  in  two d i s t in c t  fo rm ats. Within Tables 
10 and 12, p ine b e e tle  a c t iv i ty  during th e  warm season months o f  A pril 
through September i s  evaluated , as over 90% o f th e  annual p ine b e e tle  
a c t iv i ty  occurs during th is  tim e. A "sh o rt summer" period  has a lso  
been d e lin ea ted  in  Tables 11 and 13, as over 80% o f the  annual p ine  
b e e tle  a c t iv i ty  occurs during the four-month period  of May through 
August. C lim atic d a ta  fo r  the  e n ti r e  y ear were c o rre la te d  w ith  the  
summer in s e c t  d a ta , as the  magnitude o f warm season outbreaks might be 
dependent upon c lim a tic  cond itions during the  preceding w in te r.
The in se c t  da ta  were subdivided in to  th ree  groups contingent 
upon lo c a le . The "sho rt Texas" data  p e r ta in  to  th e  same Texas da ta  
i l l u s t r a t e d  in  Figure 11, but the f i r s t  th ree  years (1958, 1959, 1960) 
have been e lim ina ted . These years dem onstrate in s e c t  a c t iv i ty  f a r  b e ­
low the study period  mean. I t  i s  p o ss ib le  th a t  c e r ta in  c lim a tic  f lu e -
2tu a tio n s  could account fo r  th is  phenomenon. I f  th is  i s  the  case , r  
values assoc ia ted  w ith th e  standard  Texas models should e x h ib it mag­
n itudes s im ila r  to  those  a sso c ia ted  w ith  the sh o rt Texas m odels.
2
However, i f  sh o rt Texas r  values e x h ib it g re a te r  magnitudes than  those 
a sso c ia ted  w ith standard  Texas models, i t  i s  l ik e ly  th a t  c lim ate  d id  not 
c o n trib u te  s ig n if ic a n t ly  to  v a ria tio n s  in  the  1958, 1959, and 1960 d a ta . 
R ather, the  below normal readings may be a ttr ib u te d  to  observer b ias  
o r incom plete d a ta  c o lle c t io n , although th is  i s  sp e c u la tiv e . The in ­
c lu s ion  o f th e  sh o rt Texas models w ill  help  determ ine whether o r not 
clim ate  i s  resp o n sib le  fo r  the  minimal a c t iv i ty  over the  questionab le  
th ree -y ea r p e rio d .
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E v a lu a t io n  o f  th e  Y1 D ependent V a r ia b le
Table 10, which r e la te s  to  Y 1-clim ate c o r re la t io n s  du ring  summer, 
in d ic a te s  th a t  m o istu re  d e f i c i t  one month p rev ious to  th e  in s e c t  ac­
t i v i t y  in  question  re p re se n ts  th e  most im portan t c lim a tic  v a r ia b le  a f ­
f e c t in g  Louisiana in s e c t  d a ta .  A h igh ly  s ig n i f ic a n t  re la t io n s h ip  be­
tween th e  dependent and independent v a r ia b le  i s  in d ic a te d . A b -value 
o f n eg a tiv e  66.8 im p lies th a t  a stro n g  in v e rse  re la t io n s h ip  e x is ts  b e ­
tween D1 and Y1. Thus, an in c re a s e  in  th e  magnitude o f th e  d e f i c i t  
v a r ia b le  one month previous to  th e  in s e c t  a c t iv i ty  in  q u e s tio n  c o rre ­
la te s  w ith  a corresponding d ecrease  in  sou thern  p ine  b e e t le  outbreak 
i n te n s i t y .  M oisture su rp lu s f iv e  months p rev ious to  th e  in s e c t  a c t iv i ty  
in  q u es tio n  ranks as th e  second most im portant c lim a tic  v a r ia b le  a f ­
fe c tin g  th e  dependent v a r ia b le  Y1. A weak in v e rse  re la t io n s h ip  e x is ts  
between th e  dependent and independent v a r ia b le  in  th is  c a se . The D1 
and S5 v a ria b le s  a re  the only two Thornthw aite c lim a tic  components in
th is  model which a f f e c t  L ouisiana p ine  b e e tle  outbreaks s ig n i f ic a n t ly .
2A c o e f f ic ie n t  o f  de te rm ina tion  ( r  ) o f  .426 i s  g en era ted , in d ic a tin g  
th a t  th ese  two c lim a tic  v a r ia b le s  combined account fo r  42.6% o f  the  
v a r ia t io n  in  so u th e rn  p ine b e e t le  a c t iv i ty .
The L ouisiana sh o rt summer Y1 model c o n tra s ts  s ig n i f ic a n t ly  from 
th e  s tandard  summer model examined p rev io u s ly  (Table 11). The c o e f f i ­
c ie n t  o f  d e te rm ina tion  is  much h ig h er in  th e  sh o rt summer model, in d i ­
c a tin g  th a t  the  s ix  l i s t e d  c lim a tic  v a ria b le s  account fo r  77% o f the
v a r ia t io n  in  so u th e rn  p ine  b e e t le  a c t iv i t y .  U n fo rtu n a te ly , th e  credence 
2
o f  th is  r  va lue i s  somewhat q u e s tio n a b le , as a sm all sample s iz e  ( in  
t h i s  c a se , n=19) may i n f l a t e  th e  c o e f f ic ie n t  o f  d e te rm ina tion  beyond
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i t s  tru e  in d ica tin g  value (S tee l and T o rrie , I960, pp . 183-193). In  
the  sh o rt summer model, D1 i s  once again the  most s ig n if ic a n t  independent 
v a ria b le  a ffe c tin g  southern pine b ee tle  a c t iv i ty .  DO ranks number two 
in  importance, and an inverse re la tio n sh ip  is  in d ica ted  between both 
d e f i c i t  v a riab le s  and the  dependent v a ria b le  Y1, Unlike the standard 
summer Louisiana model, the S5 v a riab le  is  n o n -s ig n ifican t in  the sh o rt 
summer model. However, S3 does s ig n if ic a n tly  a ffe c t th e  short summer 
d a ta , and a weak d ire c t  re la tio n sh ip  i s  uncovered. Two PE variab les 
(PE6 and PE5) a lso  produce a s ig n if ic a n t e ffe c t upon Y1 in  the sho rt 
summer model, w hile no s im ila r PE e ffe c ts  a re  in d ica ted  in  the s ta n ­
dard summer model.
The Texas in se c t data (models 2 and 3, Tables 10 and 11) seem 
to  be dependent la rg e ly  upon v a ria tio n s  in  m oisture surp lus and PE. 
D e fic it values appear to have a n o n -s ig n ifican t e f fe c t  upon Texas p ine 
b e e tle  outbreaks in  a l l  the examined models. In both the short summer 
and standard summer models, SI is  the most important independent v a r­
ia b le  involved. A strong d ire c t  re la tio n sh ip  e x is ts  in  a l l  cases. The
SO v a riab le  is  rendered s ig n if ic a n t in  both the Texas and short Texas
2standard summer models, but the low r  values assoc ia ted  with these 
models lim it th e i r  usefu lness in  terms o f p red ic tiv e  p o te n t ia l ,
2
The sho rt summer Texas models ex h ib it s l ig h tly  improved r  
va lu es, but these too are below desired  le v e ls .  PE values appear to 
gain importance in  the Texas sh o rt summer models. A strong  d ire c t r e ­
la tio n sh ip  between the PEI and PE2 v a riab le s  and Y1 i s  in d ica ted . Con­
v e rse ly , a strong inverse  re la tio n sh ip  between PEO and Y1 is  apparent 
in  the  Texas sho rt summer model. The sig n ifican ce  o f th i s  inverse r e ­
la tio n sh ip  w ill be evaluated fu r th e r .
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E v a lu a tio n  o f  th e  Y2 Dependent V ariab le
The Y2 dependent v a ria b le  evaluates monthly tren d s in  r e la t iv e  
southern p ine  b ee tle  a c t iv i ty  from the p rev ious month. In  o rder to  
examine the e f fe c ts  o f Thornthw aite c lim a tic  v a ria b le s  upon these  tre n d s , 
the  d a ta  a re  expressed in  th e  same format i n i t i a t e d  fo r  th e  Y1 dependent 
v a riab le  (Tables 12 and 13).
In  g e n e ra l, a n o n -s ig n if ic a n t r e la tio n s h ip  e x is ts  between the  
Louisiana c lim a tic  data  and the  Y2 v a r ia b le .  Only S4 i s  rendered to  
have a s ig n i f ic a n t  e f fe c t  upon trends in  Louisiana in s e c t  outbreak i n ­
te n s ity ,  bu t th is  accounts fo r  only 13.4% o f th e  v a r ia tio n  in  pine 
b ee tle  a c t iv i t y .  None o f th e  21 c lim atic  v a ria b le s  evaluated  by the  
model have an appreciab le  e f fe c t  upon the Louisiana sh o r t  summer Y2 
d a ta . The absence of a meaningful r e la tio n s h ip  between Louisiana i n ­
se c t and c lim a tic  data i s  d i f f i c u l t  to  e x p la in . I t  appears e sp ec ia lly  
anomolous when evaluated in  l ig h t  o f th e  corresponding Y2 Texas da ta , 
where c lim a te - in se c t re la tio n sh ip s  appear e sp e c ia lly  s tro n g .
The degree of the re la tio n sh ip  between Texas c lim a tic  da ta  and
2
the Y2 v a r ia b le  i s  q u ite  im pressive . In  a l l  th e  models, th e  r  values 
fo r  the Texas Y2 models exceed those generated  from corresponding Y1 
models. In  a d d itio n , a g re a te r  number o f  s ig n if ic a n t  c lim a tic  v a ria b le s  
a re  involved in  Y2 c o rre la t io n s .  PE appears to  take on added s ig n i f i ­
cance, and in  the  four Texas models ev a lu a ted , a PE v a r ia b le  i s  shown 
to  have th e  most s ig n if ic a n t  e f fe c t  upon p ine  b e e tle  a c t i v i t y .  In  th re e  
o f  the four m odels, PE3 rep re sen ted  the  c lim a tic  param eter c o n trib u tin g  
most to  v a r ia tio n s  in  sou thern  p ine b e e tle  a c t iv i t y .  A s tro n g  inverse  
re la tio n sh ip  i s  in d ica ted  in  a l l  c ase s . The only apparent exception i s
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found in  the standard  summer Texas model, where PEI i s  d i r e c t ly  re la te d  
to b e e tle  a c t iv i ty .  This v a ria b le  ranks second in  importance in  both 
the sh o rt Texas standard  summer and Texas sh o rt summer models, and 
fo u rth  in  the sho rt Texas sh o rt summer model; in  a l l  cases, a d ire c t  
re la tio n sh ip  is  in d ic a te d .
The four Texas Y2 models appear to  be in fluenced  la rg e ly  by the  
same f iv e  Thornthwaite c lim atic  v a r ia b le s . These include:
PEO: a strong  inverse  re la tio n sh ip  i s  in d ic a te d  in  a l l  four
models. S ig n if ic a n t a t  th e  99% le v e l in  a l l  m odels.
PEI: a strong  d ire c t  re la tio n sh ip  i s  in d ic a te d  in  a l l  four
models. S ig n if ic a n t a t  the  99% le v e l in  a l l  models.
PE3: a strong  inverse  re la tio n sh ip  i s  in d ic a te d  in  a l l  four
models. S ig n if ic a n t a t  the  99% le v e l in  a l l  models.
SI: a strong  d ir e c t  re la tio n sh ip  i s  in d ic a te d  in  a l l  models.
S ig n if ic a n t a t  the 99% lev e l in  th ree  o f the four m odels.
S2: an in v e rse  re la tio n sh ip  i s  in d ica ted  in  a l l  models. S ig­
n if ic a n t  a t  the 99% lev e l in  a l l  models.
Within the  sh o rt Texas sh o rt summer model, which r e f le c ts  the 
s tro n g est c lim a te - in se c t re la tio n sh ip  o f any Texas model, f iv e  o f the 
to ta l  seven PE v a ria b le s  examined a re  determined to  be s ig n if ic a n t  a t  
the 95% or 99% le v e l .  The profound e ffe c t  o f energy income v a ria tio n s  
upon sou thern  p ine b e e tle  a c t iv i ty  i s  w ell-dem onstrated in  th is  model.
M oisture d e f i c i t  appears to  have a minimal e f fe c t  upon southern 
pine b e e tle  outbreak in te n s i ty .  This fea tu re  was a lso  in d ic a te d  in  
the Y1 a n a ly s is .  The apparent de-emphasis o f the  d e f i c i t  v a r ia b le  i s  
somewhat con tra ry  to  th e  find ings o f previous re sea rch e rs  who determined 
d e f ic i t  (o r drought) to  be the most in f lu e n tia l  c lim a tic  v a ria b le  a f ­
fec tin g  southern p ine  b e e tle  a c t iv i ty .
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D iscussion
In th e  previous c h ap te rs , i t  has been suggested by the  construc ­
tio n  of th e  m u ltip le  reg ress io n  models th a t  c lim ate  rep re sen ts  an in ­
f lu e n t ia l  envirorunental fa c to r  a ffe c tin g  southern p ine b e e tle  outbreak 
p r o b a b i l i t ie s  . Four of the  nine reg re ss io n  models constructed  in d i­
ca te  th a t  c lim ate  accounts fo r  approxim ately h a l f ,  or more than  h a lf ,  
o f the  monthly v a r ia tio n  in  b e e tle  a c t iv i ty .  The purpose o f th is  
se c tio n  i s  to  evaluate  sp e c if ic  c lim a te -b e e tle  r e la t io n s h ip s ,  and to 
determ ine what e ffe c t each Thornthwaite component has upon t r e e  v igor 
and subsequent b e e tle  outbreaks .
M oisture D e fic it as a Determining Factor
On th e  basis o f the co n stru c ted  models, i t  appears th a t  d e f ic i t  
is  g en era lly  o f  le s s e r  s ig n if ic a n c e  than su rp lus and PE in  regard  to 
i t s  e f fe c t  upon southern p ine  b e e tle  a c t iv i ty .  Within the  s ix  Y1 models, 
a d e f i c i t  component was shown to  have a s t a t i s t i c a l l y  s ig n if ic a n t  e f fe c t  
in  only fou r cases (Table 14 ). As a to ta l  o f 21 s t a t i s t i c a l l y  s ig n i f ­
ic a n t components were c la s s i f ie d ,  m oisture d e f i c i t  was poorly  rep resen ­
te d . W ithin th e  s ix  Y2 models, d e f ic i t  proved even le ss  s ig n if ic a n t ;  
only two of th e  28 s ig n if ic a n t  c lim atic  v a ria b le s  were d e f i c i t  compo­
nents .
The importance o f m oisture d e f i c i t  as an environm ental determ inant 
appears to  be re la te d  c lo se ly  to  lo c a le . In  th e  Y1 c o rre la t io n s , only 
the  Louisiana models a re  a ffe c te d  s ig n if ic a n t ly  by d e f ic i t  components. 
D e fic it appears to  dim inish b e e tle  outbreak in te n s i t i e s ,  and an inverse  
re la tio n sh ip  i s  uncovered in  a l l  but one is o la te d  case (Table 11,
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TABLE 14
THE RELATIVE SIGNIFICANCE OF CLIMATIC COMPONENTS AS 
DETERMINING FACTORS OF SOUTHERN PINE BEETLE ACTIVITY
1. THE SIX Y1 MODELS
CLIMATIC COMPONENT DEFICIT SURPLUS PE TOTAL
NUMBER OF VARIABLES 
DEEMED SIGNIFICANT




19.0 38.1 42.9 100.0
MEAN RANKING IN 
MODELSb




inverse d ir e c t c wm
2. THE SIX Y2 MODELS
CLIMATIC COMPONENT DEFICIT SURPLUS PE TOTAL
NUMBER OF VARIABLES 
DEEMED SIGNIFICANT




7.1 32.1 60.8 100.0
MEAN RANKING IN 
MODELS




inverse d ir e c t c
Data a re  ex trac ted  from Tables 10-13.
TABLE 14 -  C ontinued
The ranking o f each v a ria b le  in  terms o f importance was div ided  
by the  t o t a l  number o f tim es th a t  the  v a ria b le  appeared. The lower th is  
number i s ,  the more s ig n if ic a n t  the  component i s  in  g e n e ra l.
c In most cases, southern  p ine b e e tle  a c t iv i ty  i s  d i r e c t ly  r e la te d  
to w in te r PE, and in v e rse ly  re la te d  to  summer PE.
Louisiana sh o r t  summer model) . Although extreme and prolonged periods 
of m oisture d e f ic i t  are  known to  have adverse e ffe c ts  upon tre e  v ig o r, 
they appear to  have an adverse e ffe c t upon southern p ine  b e e tle  popu­
la tio n s  as w e ll .  The in te n se  outbreaks supposedly a sso c ia ted  w ith 
d e f i c i t  and suggested by p rev ious authors aTe not ev id en t in  these 
d a ta . The obvious d e trim en ta l e ffe c t o f  d e f ic i t  upon t r e e  v igor does 
not seem to  o f f s e t  a s im ila r  detrim ental e f fe c t  upon b e e t le  p o p u la tio n s, 
and the sim ultaneous cond itions necessary fo r  an outbreak to occur are  
no t met.
The absence of s t a t i s t i c a l l y  s ig n if ic a n t  d e f ic i t  components in  
the Texas models is  notew orthy. S izab le  warm-season d e f ic i t s  a re  more 
common in  th e  Hast Texas study region than  in  L ouisiana. The eco log ica l 
response o f th e  b io tic  community to dry cond itions would th e re fo re  be 
le s s  extreme in  the  East Texas region, as some degree o f  adap tation  
has undoubtedly taken p la c e . This response might take the form o f a 
be tter-developed  roo t system among host t r e e s  in  e a s te rn  Texas, a l ­
though th is  has y e t to be confirmed. However, s im ila r  adap tations were 
noted p rev io u sly  among lo b lo l ly  p ines growing on pimple mounds in  
L ouisiana. These tre e s  ex h ib ited  a w ell-developed ro o t system, in ­
creased v ig o r , and a g re a te r  o leo resin  exudation p ressu re  during p ro ­
longed drought conditions than  th e ir  coun terparts  lo ca ted  away from 
th e  mounds. I t  i s  suggested th a t Texas t r e e s  have a s im ila r  advantage 
over th e ir  Louisiana c o u n te rp a rts , and a severe drought would produce 
a le s se r  p h y sio lo g ica l response among Texas t r e e s .  They would seem to  
possess an increased  c a p a b il i ty  of coping w ith an in s e c t  a tta c k  than 
the  Louisiana tre e s  under s im ila r  drought con d itio n s.
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P o te n tia l E vapo transp ira tion  as a Determining Factor
The re g re ss io n  models in d ic a te  th a t PE has a much g re a te r  in -  
fluence upon sou thern  p ine  b e e tle  outbreaks than  m oisture d e f i c i t .  PE 
accounted fo r  n ine  o f the 21 s ig n if ic a n t  c lim a tic  v a riab le s  w ith in  the 
Y1 models, and 17 of the  28 s ig n if ic a n t  v a ria b le s  w ith in  th e  Y2 models.
Unlike d e f i c i t ,  which i s  in v erse ly  r e la te d  to the  dependent 
v a r ia b le s , the  p o te n t ia l  ev ap o tran sp ira tio n  re la tio n sh ip  i s  d i f f i c u l t  
to a sc e r ta in . G enerally , th e  b-values are  marked by extrem es, w ith 
some PE v a ria b le s  dem onstrating a strong d i r e c t  re la tio n sh ip  and others 
dem onstrating a strong  inverse  re la tio n sh ip  w ith in  the  same model. This 
fe a tu re  is  e sp e c ia lly  noted w ith in  the sho rt summer sho rt Texas Y2 
m odel.
The f lu c tu a tin g  e f fe c t  o f PE upon the dependent v a ria b le s  suggests 
th a t  th e  most in te n se  southern p ine  b e e tle  a c t iv i ty  i s  a sso c ia ted  with 
rap id  changes in  c lim a tic  co n d itio n s, e sp e c ia lly  tem perature regime.
The v a l id i ty  o f th is  assumption may be e s ta b lish e d  by no ting  th a t  rap id  
environmental changes may a f fe c t  a wide v a r ie ty  o f h o s t-p a ra s ite  r e ­
la tio n sh ip s  q u ite  s ig n i f ic a n t ly .  I t  has been demonstrated th a t  th e  
physiology o f lo b lo l ly  pines and southern p ine  b e e tle s  may be a ffec ted  
s ig n if ic a n t ly  by rap id  changes in  the  weather (Thatcher, 1967, p . 600). 
V aria tions in  t r e e  v igor and th e  a b i l i ty  o f th e  in se c t to  reproduce 
a re  dependent la rg e ly  upon tem poral c lim atic  t r ig g e r  mechanisms.
A strong in v erse  re la tio n sh ip  e x is ts  between the PEO v a ria b le  
and Y2. This im plies th a t an abnormally hot summer month would a ffe c t  
th e  in s e c t  a c t iv i ty  during th a t  month adverse ly . There i s  published  
evidence to s u b s ta n tia te  th is  re la tio n s h ip , as southern p ine  b e e tle s
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cannot reproduce su c ce ss fu lly  under abnorm ally warm cond itions [ re fe r  
to  Chapter I I ) . A pparently, host tre e  v ig o r is  not a f fe c te d  s ig n i f ­
ic a n tly  by abnormal summer h e a t, although s o i l  m oisture dep le tion  
occurs a t  a more rap id  r a te  under such c o n d itio n s .
The re la tio n s h ip  between the dependent v a riab le s  and PEI is  
q u ite  d i f f e r e n t .  A strong d ir e c t  re la tio n s h ip  is  noted in  a l l  cases 
observed. The d a ta  in d ic a te  th a t  an abnormally warm May o r June, 
followed by an abnormally cool Ju ly  o r August, i s  most conducive to  
an in ten se  in s e c t  outbreak.
The PE5 and P06 c lim a tic  v a riab le s  i l l u s t r a t e  th e  e f fe c t  o f w in ter 
energy income upon summer in s e c t  outbreak p ro b a b il i ty . PE5, which 
appears in  th ree  o f the 12 to ta l  models, i s  d ire c tly  r e la te d  to the  
dependent v a r ia b le s .  PEG, which is  a very  s ig n if ic a n t  fa c to r  in  the  
Louisiana sh o rt summer Y1 model, is  a lso  r e la te d  d i r e c t ly  to  the de­
pendent v a r ia b le . This co rrobora tes T h a tch e r 's  f in d in g s , in d ic a tin g  
th a t  warm w in ters tend to  in c rease  the b reed ing  success o f  the  b e e tle .
M oisture Surplus as a Determining Factor
In gen era l, m oisture surp lus i s  d i r e c t ly  re la te d  to  the de­
pendent v a ria b le s  Y1 and Y2. Excessive m oisture  appears to  favor th e  
rep roduction  and rap id  development o f sou thern  pine b e e t le  broods. 
Sim ultaneously, th e  v igor o f lo b lo lly  p in e  and o ther h o s t species a re  
probably adversely  a ffe c te d  by excessive m oistu re  su rp lu s . Moisture 
su rp lu s conditions a re  o ften  asso c ia ted  w ith  extensive a re a s  of standing  
w ater over long tim e periods in  the sp r in g . Trees in  lowland areas 
a re  e sp ec ia lly  su sce p tib le  to  southern p in e  b e e tle  a tta c k  a t  th is  tim e,
as poor drainage h inders t h e i r  normal l ife -s u p p o r t  fu n c tio n s .
The e f fe c t  o f surp lus as a s ig n if ic a n t  c lim a tic  v a ria b le  i s  
e sp ec ia lly  evident in  th e  Y1 m odels. In  four o f the  s ix  models, a 
surp lus v a r ia b le  was evaluated  as th e  most im portant c lim a tic  component 
a ffe c tin g  Y1.
The models in d ic a te  th a t  spring  and ea rly  summer su rp luses are  
most conducive to in te n se  southern  p ine  b e e tle  a c t iv i ty .  This corrob­
o ra te s  th e  find ings o f H e trick , who noted an in crease  in  b e e tle  a c t iv i ty  
a f te r  periods o f  excessive p re c ip i ta t io n  in  F lo rida  (H e trick , 1949, 
p . 467) . In  the  Y1 models, the  combination o f above normal su rp luses 
and above normal PE values in  th e  sp ring  produce cond itions necessary 
fo r  southern  p ine  b e e tle  a c t iv i ty  to  reach "epidemic" p ro p o rtio n s . I t  
is  suggested th a t  excessive m oisture su rp lu s sim ultaneously  weakens the  
host t r e e  and increases sou thern  p ine b e e tle  p o p u la tio n s . M oisture 
surp lus i s  th e re fo re  deemed the only c lim a tic  v a r ia b le  examined which 
produces these  sim ultaneous conditions necessary  fo r  sou thern  pine 
b e e tle  a c t iv i ty  to  in c rease  in  in te n s i ty .
M oisture su rp lus appears to  be o f  g re a te r  c lim a tic  s ig n if ic a n c e  
w ith in  the East Texas models than in  the  Louisiana m odels. An examina­
tio n  o f the  Y1 models in d ic a te  th a t  m oisture su rp lus v a ria b le s  rep re se n t 
only 25% o f th e  t o ta l  s t a t i s t i c a l l y  s ig n if ic a n t  c lim a tic  components 
w ith in  th e  Louisiana d a ta . However, w ith in  th e  East Texas models, 
m oisture su rp lus v a ria b le s  c o n s t i tu te  46% o f th e  to ta l  s t a t i s t i c a l l y  
s ig n if ic a n t  c lim atic  v a ria b le s  is o la te d . This reg iona l d is p a r i ty  i s  
rem in iscen t o f a s im ila r  s i tu a t io n  p e r ta in in g  to  the m oisture d e f i c i t  
component, and may again be a t t r ib u te d  to  the  d if f e r e n t  p h y sio lo g ica l 
responses o f the  h o st t r e e s  among the  two study a re a s . The r e la t iv e
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sc a rc ity  o f s iz ab le  m oisture surp luses w ithin  easte rn  Texas (as opposed 
to Louisiana) lessens the  a b i l i ty  of host tre e s  to cope with such an 
anomolous c lim atic  cond ition . Conversely, Louisiana tre e s  ex h ib it an 
increased c a p a b ility  to  adapt to  such s i tu a t io n s , and a m oisture surp lus 
o f s im ila r magnitude in  both areas would induce a g rea te r physio log ical 
s t r e s s  among the  Texas t r e e s .
The Development o f a Q uan tita tive  P red ic tive  Evaluation
The models most capable o f evaluating the  c lim ate-southern  p ine  
b e e tle  re la tio n sh ip  w ill be se lec ted  and they w ill be te s te d  against 
the  most recen t southern pine b e e tle  data to evaluate th e i r  p red ic tiv e  
va lue .
Evaluation o f the Regression Models
Three o f the twelve models generated in  th is  study have been
se lec ted  as most capable o f evaluating southern pine b e e tle  a c t iv i ty
p red icated  upon v a ria tio n s  in  clim ate. Model se le c tio n  was determined
p a r t i a l ly  by the magnitude o f the associated  r  va lues. All standard
Texas models were elim inated in  favor o f th e ir  sho rt Texas coun te rparts ,
2
as the  sho rt Texas models a l l  exh ib ited  higher r  values than the co r­
responding standard Texas models. I t  might th e re fo re  be assumed th a t 
th e  abnormally low in se c t outbreak values associated  with the f i r s t  
th ree  years o f  the  Texas data were a ttr ib u te d  to  a shortcoming in  data  
c o lle c tio n  (Figure 11, re fe r  to  page 88).
The se lec ted  models include the follow ing:
21. Y1 Louisiana standard summer: r  =.426
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22. Y2 sh o rt Texas sh o rt summer: r  =.641
23. Y1 Louisiana sho rt summer: r  =.770
The th re e  models have been converted to  the  stepw ise m u ltip le
reg re ss io n  equation form, which is :
Y=a+b1 x, +b0x„+..................+b x„,1 1 2  2 n nJ
where Ŷ i s  th e  p red ic ted  value o f th e  dependent v a r ia b le , a i s  a con­
s ta n t  term , which w ill  be evaluated  s h o r t ly , b i s  the  slope a sso c ia ted  
w ith each s t a t i s t i c a l l y  s ig n if ic a n t  independent v a ria b le , and x i s  
the  measured value o f each s t a t i s t i c a l l y  s ig n if ic a n t  independent v a r­
ia b le  in  th e  reg re ss io n  model (King, 1969, p . 140).
The constan t term a i s  described  by the  expression:
a=X0"b l Xl _b2X2“ * * * ,-b nXn ’ 
where a_ i s  th e  mean value o f the  measured dependent v a r ia b le , b i s  the
slope a sso c ia ted  w ith each s t a t i s t i c a l l y  s ig n if ic a n t  independent v a r­
ia b le , and 5T i s  th e  mean value o f each s t a t i s t i c a l l y  s ig n if ic a n t  i n ­
dependent v a ria b le  (King, 1969, p . 139).
The th re e  generated models may be expressed in  the fo llow ing r e ­
g ression  equation form (re fe r  to  Table 15):
1. Y1 Louisiana standard  summer ( re fe r  to  Table 10, p . 80). 
Yl=15.778-66.761(D1)- 9 .067(S5)
2. Y2 sh o rt Texas sh o rt summer ( r e f e r  to  Table 13, p . 86).
Y2=12.493-220.760(PE3)-371.804(PE0)-37.914(S2)
+260.175(PE I)-209.334(PE4)+47.014(S I)+173.535(D2)+18.333(PE5)
3 . Y1 Louisiana sh o rt summer ( r e f e r  to  Table 11, p . 82).
Yl=57.727-93.479(D1)-66.450(DO)+12 ,000(S3)+138.562(PE6)
+11.250 (PE5) +166.780 (D3)
TABLE 15
SUMMARY TABLE OF ANALYSIS OF VARIANCE FOR THE SIGNIFICANT MODELS
1. Y1 LOUISIANA STANDARD SUMMER
SOURCE DF SUM OF SQUARES MEAN SQUARE F-VALUE R2
Regression 2 55434.09 27717.04 10.02** 0.426
E rror 27 74696.88 2766,55
Total 29 130130.97
2. Y2 SHORT TEXAS SHORT SUMMER
Regression 8 2162537.02 270317.13 8.46** 0.641
E rror 38 1213433.96 31932.47
Total 46 3375950.98
3 . Y1 LOUISIANA SHORT SUMMER
Regression 6 71614.02 11935.67 7.26** 0.770
E rror 13 21361.18 1643.17
T otal 19 92975.20
S ig n if ic a n t on the  99% le v e l .
103
E valuation  of Southern Pine B eetle Outbreaks as Determined 
bv th e  Regression Models
The described  models w ill be evaluated  to  determ ine th e i r  p re ­
d ic tiv e  v a lu e . F i r s t ,  th e  models w ill  be compared to  pre-1973 southern  
pine b e e tle  d a ta . Since th e  form ulation o f these  models was determined 
by the  in s e c t  outbreaks to  be examined, th is  w ill  not rep re sen t an ade­
quate t e s t  o f  th e i r  v a l id i ty .  However, i t  would be app rop ria te  to  r e ­
construct c lim a tic  cond itions before sp e c if ic  outbreaks occurred .
Second, one o f th e  models w ill  be compared to  1973 in s e c t  d a ta . 
This w ill re p re se n t an accep tab le  determ ination  o f p re d ic tiv e  a b i l i ty ,  
as 1973 in s e c t  data  were no t involved in  model fo rm ula tion .
E valuation o f  Pre-1973 In se c t Outbreaks
During the  summer o f  1966 and 1968, southern  p ine b e e tle  a c t iv i ty  
was r e la t iv e ly  in tense  in  easte rn  Texas (Figure 103 . Y1 values exceeded 
0 in  a l l  summer months o f examination during th is  p e rio d . P red icted  
data  derived  from the sh o r t  summer Y2 model were compared to  a c tu a l Y2 
data  over th e  period  in  q u es tio n . Although the  magnitude o f th e  p re ­
d ic ted  d a ta  does not correspond c lo se ly  to  the  measured v a lu es, the  
month-to-month trends e x h ib it  a high degree o f c o rre la t io n  (Figure 20, 
Table 16) .
Which c lim a tic  elem ents con tribu ted  most to  the  in te n se  o u t­
breaks experienced during th e  two summers? On the  b a s is  o f the p re ­
d ic tiv e  m odels, the cool Junes during both years appear most in f lu e n ­
t i a l  (Table 17) . The stro n g  inverse  re la tio n s h ip  between PEO and Y2, 
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Fig. 20. - Measured and p red ic ted  values o f southern pine b ee tle  
a c t iv i ty .  P red ic ted  values were derived from th e  sh o rt Texas short 
summer model p resen ted  on page 101.
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TABLE 16
PREDICTED AND MEASURED VALUES OF EAST TEXAS SOUTHERN 
PINE BEETLE ACTIVITY DURING TWO SUMMERS:
MAY - AUGUST, 1966 AND 1968
MEASURED Y1 MEASURED Y2 PREDICTED Y2a
1966
May + 54 +121 - 39
June + 621 +567 +335
Ju ly + 292 -329 -220
August + 232
1968
- 60 + 29
May + 660 +535 +361
June + 1247 +587 +421
Ju ly +1072 -175 - 38
August + 296 -776 -421
Pred icted  Y2 d a ta  was derived from th e  sho rt Texas sho rt 
summer model p resen ted  on page 101.
TABLE 17
IMPORTANT CLIMATIC VARIABLES CONTRIBUTING TO EAST TEXAS 
SOUTHERN PINE BEETLE ACTIVITY: SUMMER, 1966 AND 1968
Magnitude o f
Responsible A ssociated Measured
Clim atic C lim atic Outbreak
Factor V ariab lea Response
cool Junes 1966: PE0=-0.5 1966: June Y2=+567
both years 1968: PE0=-0.2 1968: June Y2=+587
warm la te  sp ring 1966: PEl=+0,3 1966: June Y2=+S67
conditions 1968: PEl=+0.3 1968: May Y2=+535
wet l a te  sp rin g 1966: Sl=+0.4 1966: June Y2=+567
conditions 1968: Sl=+1.0 (May), 1968: May Y2=+535
+4.0 CJune) 1968: June Y2=+587
aF igures derived  from a Thornthwaite a n a ly sis  o f c lim atic  d a ta : 
Warren, Texas,
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fu r th e r  improved cond itions necessary fo r  in ten se  outbreak occurrence, 
as a t te s te d  by the  p o s it iv e  Y2 values during .Tunc, 1966 and May, 1968. 
The above normal surp lus values during th e  la te  sp ring  period  re p re ­
sen ted  a th ird  causal mechanism.
The p re d ic tiv e  a b i l i t i e s  o f the  Louisiana models are  le s s  im­
p re ss iv e  (F igure 21, Tables 18 and 19). The models were te s te d  a g a in st 
measured d a ta  c o llec ted  during the  summers of 1967 and 1968, when above 
normal in se c t outbreak in te n s i t ie s  were no ted . Both the standard  and 
sh o rt summer Y1 models p red ic ted  outbreak trends w ith some degree o f 
accuracy, although the  p re c is io n  a sso c ia ted  p rev iously  w ith th e  Texas 
model is  lack ing . However, the  p re d ic tiv e  models were capable o f 
is o la t in g  severa l im portant c lim atic  t r ig g e r  mechanisms. Warm, wet 
spring  cond itions coupled w ith  below normal summer d e f ic i t s  con tribu ted  
to  r e s u l ta n t  high measured outbreak in te n s i t i e s .
Evaluation o f 1973 In se c t Outbreaks
U nfortunate ly , re g u la r  measurements o f Louisiana southern  p ine  
b e e t le  a c t iv i ty  in  A llen P arish  were d iscontinued  in  1969, and the 
Louisiana models were unable to be te s te d  ag a in st the most rec en t in ­
se c t outbreaks . However, ta b u la tio n s  o f  the  Texas southern  p ine  
b e e tle  outbreak data  have been continued through 1973. As th e  sh o rt 
Texas sh o rt summer model i s  p red ica ted  upon in se c t d a ta  concluding 
with th e  summer o f 1972, ta b u la tio n s  o f 1973 outbreaks may be compared 
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Fig. 21. - Measured and p red ic ted  values o f southern pine 
b e e tle  a c t iv i ty .  P red icted  va lues were derived from the Louisiana 




PREDICTED AND MEASURED VALUES OF LOUISIANA SOUTHERN PINE BEETLE 
ACTIVITY DURING TWO SUMMERS: APRIL - SEPTEMBER, 1967 AND 1968
MEASURED Y1
1967
PREDICTED Yla PREDICTED Ylb
April + 29 +12
May + 37 +21 + 29
June + 46 +50 + 76
Ju ly -  44 -  4 + 27




April + 45 +30 -----
May +101 +20 + 90
June + 12 - 5 + 85
Ju ly +110 +59 +111
August + 49 +30 + 60
September + 96 +58 -----
Pred icted  Y1 d a ta  was derived  from th e  Louisiana standard  
summer model p resen ted  on page 100.
P red icted  Y1 d a ta  was derived from th e  Louisiana sh o rt summer 
model p resen ted  on page 101.
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TABLE 19
IMPORTANT CLIMATIC VARIABLES CONTRIBUTING TO LOUISIANA 





Magnitude o f 
A ssociated 





below normal 1967: Dl=-0.3 1967: June Yl=+ 46
summer d e f ic i t s 1968: Dl=-0,8 1968: Ju ly  Yl=+110
1968: D0=-0.5,
Dl=-0.8
1968: S ep t. Yl=+ 96
warm spring 1968: PE5=+0.5 1967: August Yl=+ 96
conditions 1968: PE5=+1.0 , 
PE6=+0.5
1967: S ep t. Yl=+ SO
wet spring 1967: S3=+l.9 1967: August Yl=+ 96
cond itions 1968: S3=+0.5 1968: Ju ly  Yl=+110
Figures derived  from a Thornthwaite a n a ly sis  o f c lim a tic  da ta : 
E lizab e th , L ou isiana.
I l l
TABLE 20
PREDICTED AND MEASURED VALUES OF TEXAS SOUTHERN PINE BEETLE 
ACTIVITY DIJRTNC THE SUMMER OF 1973
Month Measured Y2 P red ic ted  Y2a
May - 210 -113
June - 219 -256
Ju ly +1440 +576
August - 781 - 60
aP red ic ted  Y2 d a ta  were derived  from the sh o rt Texas sh o rt summer 
model p resen ted  on page 101.
The p re d ic tiv e  model possesses th e  c a p a b ili ty  o f d e te c tin g  trends 
in  southern p ine  b e e tle  outbreak in te n s i ty .  Once again , th e  magnitude 
o f the values d i f f e r  somewhat, but the  monthly trends may be d e tec ted  
w ith a s ig n if ic a n t  degree o f accuracy. For example, the  extrem ely 
sharp in c rease  in  a c t iv i ty  during Ju ly  was w e l l - i l lu s t r a te d  by the  
model. The d is p a r i ty  between p red ic ted  and measured May and June values 
was q u ite  sm a ll. The g re a te s t  anomoly occurred during August, when 
the  model g re a tly  underestim ated th e  measured negative response.
The resp o n sib le  c lim a tic  components c o n trib u tin g  to  th e  measured 
Y2 values appear to have been iso la te d  by th e  p re d ic tiv e  Texas model.
The inverse  re la tio n sh ip  between PE3 and the  dependent v a r ia b le  i s  
apparen t. The d ire c t  re la tio n sh ip s  between PEI, S I, and D2 a re  a lso  
w e l l - i l lu s t r a te d  (Table 21) . These re la tio n sh ip s  were a l l  id e n t if ie d  
and considered s ig n if ic a n t  by the  sh o rt Texas sho rt summer model. The
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excessive su rp lu s  during June probably induced th e  very in te n se  southern 
p ine b ee tle  outbreak during Ju ly .
TABLE 21
IMPORTANT CLIMATIC VARIABLES CONTRIBUTING 




Magnitude o f 
A ssociated 





PE3 re la tio n sh ip A pri1: -1.0 Ju ly  : +1440
March: +0.5 June : - 219
PEI re la tio n sh ip A p ril: -1.0 May : - 210
May : -0.1 June : -  219
SI re la tio n sh ip June : +3.1 Ju ly  : + 1440
D2 re la tio n sh ip June : -0 .9 August: -  781
The p re d ic tiv e  evaluations and c lim a tic  re la tio n sh ip s  examined 
above in d ic a te  th a t  the sh o r t Texas sh o rt summer model may be o f s ig ­
n if ic a n t  value fo r  two rea so n s . F i r s t ,  the  model may be r e l ie d  upon to  
p re d ic t  w ith some degree o f  accuracy fu tu re  tren d s in  sou thern  pine 
b e e t le  outbreak in te n s i t ie s  p red ica ted  upon p resen t c lim atic  d a ta  
Second, th e  model is  capable o f  is o la t in g  a t  any given tim e th e  most 
s ig n if ic a n t  c lim a tic  v a ria b le s  which induced a p a r t ic u la r  response in  
b e e tle  a c t iv i t y .  The L ouisiana models probably possess s im ila r  capa­
b i l i t i e s ,  bu t th is  cannot be asce rta in ed  w ithout the  necessary  post-1969
outbreak da ta .
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CONCLUSIONS AND RECOMMENDATIONS
The o b je c tiv e s  o f th is  study were: (1) to  a ssess the  r e l a ­
tio n sh ip  between outbreaks o f th e  southern p ine  b e e tle  and temporal 
v a r ia tio n s  in  c lim ate , (2) to  evaluate  q u a n ti ta t iv e ly  th e  c lim ate- 
southern p ine b e e tle  re la tio n s h ip , and (3) to  a r r iv e  a t  a means o f 
p red ic tin g  fu tu re  outbreaks o f the  in se c t through a n a ly s is  o f e x is t ­
ing d a ta .
To achieve these  o b je c tiv e s , c lim a tic  data  were evaluated in  
terms of two independent m ethodologies. The f i r s t  technique, con­
tr iv e d  by T.C.R. White, i s  based simply upon th e  m anipulation and 
a n a ly sis  o f raw c lim a tic  d a ta . White devised a " s t r e s s  index ,"  
which rep resen ted  a measure o f th e  s t r e s s  imposed upon t r e e s  by 
v a ria tio n s  in  r a i n f a l l .  The index was defined  as th e  d iffe re n c e  
between summer and w in ter p re c ip i ta t io n  values as expressed by 3- 
year running means of th e  standard  d e v ia te s .
The second technique, designed by C.W. Thornthw aite, p ro ­
vides a more s a t is f a c to ry  means o f id e n tify in g  th e  e f fe c ts  o f c l i ­
m atic components upon b io t ic  fa c to rs  w ith in  th e  environm ent. The 
Thornthwaite model attem pts to  estim ate  the  amount o f w ater evap­
o rated  or tra n sp ire d  w ith in  a given environment through tim e, and 
th e  amount o f w ater s to red  w ith in  the  s o i l  which may l a t e r  be ex­
tra c te d  fo r  evaporation  and t ra n s p ira tio n  p u rp o ses .
The advantages o f  the  Thornthwaite technique over the  White 
technique in  a  study o f th is  type include  the  follow ing:
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1. Although White recognized the s ig n ifican ce  o f s o i l  m oisture 
sto rage  v a r ia tio n s , h is  technique i s  not equipped to  cope 
with th is  param eter. The Thornthwaite method attem pts to 
estim ate s o i l  m oisture f lu c tu a tio n s .
2. An evaluation  o f tru e  energy-m oisture exchanges may be 
attem pted w ith in  th e  Thornthwaite technique w ith the in ­
c lusion  o f p o te n tia l  and actual evapo transp ira tion  estim ates. 
No such evaluation  is  attempted w ithin  the White model.
3 . In  the  Thornthwaite methodology, periods o f m oisture s tre s s  
may be evaluated in  terms of m oisture "surp lus" and m oisture 
" d e f ic i t"  v a lu es . These water balance components rep resen t 
more r e a l i s t i c  estim ates o f m oisture v a ria tio n s  than W hite's 
s t re s s  index.
4. S ite  considera tions may be evaluated w ithin th e  Thornthwaite 
model by increasing  o r decreasing the  so il  m oisture sto rage 
fa c to r . This is  e sp ec ia lly  p e rtin e n t when i t  i s  recognized 
th a t tre e s  growing on poorly-drained  s i te s  a re  more l ik e ly  
to  be a ffec ted  by southern pine b e e tle  in fe s ta tio n  than 
those growing on w ell-drained  s i t e s .
Considering th e  r e la t iv e  s im p lic ity  of the  Thornthwaite water 
balance, and recognizing th a t  th e  technique has been used successfu lly  
in  attem pting to  evaluate  environm ent-biotic re la tio n sh ip s  in  the  p a s t , 
the model has considerable u t i l i t y  in  th is  study .
Tabulated southern p ine  b e e tle  outbreak data from Louisiana and 
Texas study areas were co rre la ted  with c lim a tic  data c o llec ted  from 
weather s ta tio n s  ad jacen t to  the  southern p ine  b ee tle  study s i t e s .
In sect a c t iv i ty  ex h ib its  a h igh ly  seasonal tren d  each y ear, w ith the
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most in te n se  outbreaks occurring g en era lly  during the e a r ly  summer 
months. I t  was th e re fo re  necessary to  examine the r e la t iv e  in te n s ity  
o f southern p ine b ee tle  a c t iv i ty  ra th e r  than the abso lu te  in te n s i ty .
Two dependent v a ria b le s , Y1 and Y2, were estab lished  to  achieve th is  
purpose. Y1 represen ted  departures in  in se c t a c t iv i ty  about a monthly 
mean. Y2 represen ted  th e  trend  in  Y1 values from one month to the 
nex t. For example, a h igh ly  p o s itiv e  Y2 value would in d ic a te  the 
commencement o f an in ten se  in sec t outbreak. A stepwise m ultip le  
reg ression  analysis was u t i l iz e d  to  determine the e f fe c ts  o f clim ate 
upon outbreaks o f the southern pine b e e t le . The s t a t i s t i c a l  model 
suggested th e  following p o ss ib le  re la tio n sh ip s .
1. Excessive m oisture surplus appears to  increase  the 
p ro b a b ility  o f  a southern p ine  b ee tle  outbreak. Large 
surpluses in  th e  spring and e a r ly  summer seem to  con­
t r ib u te  to in te n se  b ee tle  a c t iv i ty  during th e  summer.
2. M oisture su rp luses appear to  have a g rea te r  d ire c t  e ffe c t 
upon southern pine beetle  outbreaks in  East Texas than 
in  Louisiana. This may be a tt r ib u te d  to the  d if fe re n t 
physio log ical responses o f the  host tre e s  between the 
two a re a s . The re la t iv e  s c a rc i ty  of la rge  m oisture 
surp luses w ith in  eastern  Texas lessens the  a b i l i ty  of 
lo b lo lly  p ine and o ther hosts  to  cope with th is  c lim atic  
cond ition .
3 . Contrary to much o f the previous research p e rta in in g  to 
c lim ate-southern  pine b e e tle  re la tio n sh ip s , m oisture d e f ic i t  
appears to  be o f le sse r  s ig n ifican ce  than surp lus and po-
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t e n t i a l  ev ap o tran sp ira tio n  in  i t s  e f f e c t  upon sou thern  
p ine  b e e tle  a c t iv i ty .
4 . As th e  magnitude o f th e  d e f ic i t  v a lu e  in c re ases , th e  prob­
a b i l i t y  o f southern p ine b e e tle  a c t iv i ty  appears to  decrease.
5 . W inter p o te n tia l  ev ap o tran sp ira tio n  values which a re  above 
normal appear to  promote conditions necessary fo r  in tense  
b e e tle  a c t iv i ty  during th e  fo llow ing summer.
6 . Conversely, in te n se  summer heat tends to be d e trim en ta l to 
b e e tle  a c t iv i ty ,  as in d ica ted  by th e  strong in v e rse  r e la t io n ­
sh ip  between PEO and th e  Y2 dependent v a ria b le .
The r e s u l t s  derived  from th e  stepw ise m u ltip le  re g re ss io n  anal­
y s is  in d ic a te  th a t  v a ria b le  c lim a te  appears to  a f fe c t  s ig n if ic a n t ly  
th e  in te n s i ty  o f southern p ine  b e e t le  a c t iv i t y .  I t  is  th e re fo re  fea ­
s ib le  to  develop a q u a n ti ta t iv e  p re d ic tiv e  ev a lu a tio n  in  an attem pt to 
e stim ate  fu tu re  in se c t a c t iv i ty  p red ica ted  upon p a s t and p re s e n t c lim atic
c o n d itio n s . In  th is  study , th re e  models d e rived  from the  stepw ise  mul-
o
t ip l e  re g re ss io n  an a ly s is  were se le c te d  on th e  basis o f t h e i r  high r  
v a lu es, and th e i r  p re d ic tiv e  a b i l i t i e s  were te s te d .  The models ap­
peared to  be capable o f p re d ic tin g  fu tu re  sou thern  pine b e e t le  o u t­
b reaks, and one o f th e  models p red ic te d  very  su c ce ss fu lly  th e  in tense  
b e e tle  outbreak in  Hardin County, Texas during Ju ly , 1973.
The foregoing  s t a t i s t i c a l  an a ly sis  rep re se n ts  an i n i t i a l  attem pt 
to  eva lua te  q u a n ti ta t iv e ly  th e  in t r i c a t e  re la tio n sh ip s  between clim ate 
and southern p ine  b e e tle  a c t iv i ty .
The follow ing recommendations are  suggested by the au th o r in  an 
attem pt to  ga in  fu r th e r  p e rsp ec tiv e  in to  th e  complex a b io t ic - b io t ic  
re la tio n sh ip s  which co n trib u te  to  th e  v a r ia b le  in se c t b eh av io r.
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1. An in te rd is c ip l in a ry  examination o f the  southern p ine  b e e tle  
problem must be attem pted . Numerous environmental and phys­
io lo g ic a l fa c to rs  o th e r  than c lim ate  co n trib u te  to  the  v a r­
ia b le  a c t iv i ty  in te n s i ty  o f  th e  sou thern  pine b e e t le .  For 
example, Payne has attem pted to  eva lua te  the o lfa c to ry  p e r ­
cep tion  o f the  sou thern  p ine b e e tle  to  determine i f  the 
a tta c k  p ro b a b il i ty  o f th e  in s e c t  i s  re la te d  to  c e r ta in  sex
k
a t t r a c ta n ts  (Payne, 1971, p . 266) . Barras and Hodges have 
evaluated  the p o ss ib le  m u tu a lis tic  re la tio n sh ip  between 
some species o f fungi and th e  sou thern  pine b e e t le .  Cer- 
a to c v s tis  minor Hedge., a fungus commonly a sso c ia ted  w ith 
the  sou thern  p ine  b e e tle , appears to  a f fe c t  th e  carbohydrate 
conten t o f the  inner bark o f lo b lo l ly  p ine, which, in  tu rn , 
might have a  d i r e c t  e f f e c t  upon th e  development o f the  i n ­
se c t (Barras and Hodges, 1969, p . 489) . A la rg e -sc a le  ev a l­
u a tio n  o f the  southern  p ine  b e e tle  problem by cooperating 
en tom ologists, f o r e s te r s ,  chem ists, and geographers o ffe rs  
th e  b e s t hope in  fu r th e r  understanding the  behavior o f  the  
in s e c t .
2 . A more p re c is e  means o f  da ta  c o lle c tio n  must be dev ised . A 
standard ized  means o f  d a ta  c o lle c t io n , which has been lacking  
in  p rev ious work, i s  most necessary  to  evaluate  a ccu ra te ly  
the  s p e c if ic  e ffe c ts  o f  clim ate  upon in se c t behav io r. The 
most d e s ired  u n it  o f  eva lua tion  in  research  o f  t h i s  type 
would be, ’’number o f  t r e e s  a ttack ed  over a s p e c if ic  time 
p e r io d .” This u n i t  o f  d a ta  c o lle c t io n  was u t i l i z e d  in  A llen 
P a rish , Louisiana by th e  Southern F o rest Experiment S ta tio n ,
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and was subsequently incorporated  w ith in  th i s  s tudy . Ob­
v io u sly  th is  e n ta i ls  a g rea t amount o f expense, but th e  po­
t e n t i a l  q u a n ti ta t iv e  evaluation  derived from such d a ta  might 
h e lp  c u r ta i l  fu tu re  in se c t o u tb reak s.
3 . A d a ta  c o lle c tio n  program which emphasizes in te r -  and in t r a -  
reg io n a l d iffe ren c e s  in  a c t iv i ty  in te n s i ty  should be a t ­
tem pted, In  most cases, the  goal o f sou thern  p ine  b e e tle  data  
c o lle c tio n  i s  to  inform the  landowner o f a pending southern 
p ine  b e e tle  outbreak. There i s  g en e ra lly  no attem pt to  de­
term ine why an in se c t  a tta c k  has occurred in  a c e r ta in  sp e c if ic  
a re a , and the  d a ta  a re  not tab u la te d  w ith th e  purpose o f de­
term ining which environmental v a ria b le s  a re  most re sp o n s ib le .
I t  i s  recommended th a t  the  sou theaste rn  s ta te s  most suscep­
t i b l e  to  southern p ine b e e tle  a tta c k  develop a coordinated  
system to  measure and evaluate  in se c t d a ta  fo r  th e  purpose 
o f  ob tain ing  d es ired  in form ation  necessary  fo r  in s e c t  r e ­
sea rch . This may be achieved under the follow ing g u id e lin e s .
a .  The ap p ro p ria tio n  o f money and the  development o f  an 
agency under the  auspices o f  the  U.S. Forest Service which 
c o lle c ts ,  s to re s , and evaluates a v a ila b le  southern  p ine 
b e e tle  outbreak d a ta  from a l l  a ffe c te d  s t a t e s .
b . The commencement o f a program to  c o l le c t  d a ta  in  the  
fu tu re . Measurements o f  southern  p ine  b e e tle  a c t iv i ty  
should begin on an in te r s t a t e  lev e l over frequen t d e s­
ignated time in te rv a ls .  The goal o f  t h i s  program would 
be to  o b ta in  a lengthy continuous tim e -se r ie s  ev a lu a tio n  
o f  f lu c tu a tio n s  in  in s e c t  a c t iv i ty .  Data c o lle c tio n  o f
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le s s  than f iv e  continuous years rep re sen ts  too sh o rt a 
time span to  a ttem p t a meaningful s t a t i s t i c a l  a n a ly s is .
To gain  the  d e s ire d  in form ation  from such d a ta , c o lle c tio n  
should take p lac e  a t  le a s t  once a month, and a t  le a s t  
every two weeks during  periods o f unusually  in te n se  ac­
t i v i t y .
c . The development o f  sp e c if ic  study areas where d a ta  
c o lle c tio n  should  take p la c e . I t  i s  no t suggested th a t 
in s e c t  d a ta  fo r  research  purposes should be c o lle c te d  
over g rea t expanses o f con iferous fo re s t  in  th e  South­
e a s t .  Rather, s p e c if ic  study p lo ts  o f g re a te r  than  100 
acres should be se le c te d , and the  p rev iously  suggested 
in ten siv e  da ta  c o lle c tio n  program should commence on 
th ese  s i t e s .  Each study s i t e  should be r e la t iv e ly  homo­
geneous w ith r e l a t io n  to  s o i l  type , topography, stand 
d e n s ity , and sp ec ie s  com position. However, th e se  en­
vironm ental f a c to r s  should vary  considerab ly  among the 
study s i t e s  to  i s o la te  the v a ria b le s  which co n tr ib u te  
most s ig n if ic a n t ly  to  southern p ine  b e e tle  o u tb reak s.
d . The development o f a standard ized  " ra tin g  system " which 
evaluates th e  degree of in fe s ta t io n  w ith in  sou thern  p ine  
b e e tle  a c tiv e  s p o t s . The development o f such a  ra tin g  
system would no t be d i f f i c u l t ,  and would r e f l e c t  the 
in te n s ity  o f th e  d ev asta tio n  among a re a s . This system 
would be most b e n e f ic ia l  fo r  reg io n a l comparison pu rp o ses.
4 . The u t i l i z a t io n  o f a e r ia l  photography fo r  southern p ine
b e e tle  d a ta  c o lle c t io n  should be de-emphasized in  th e  fu tu re .
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Most o f te n , a e r ia l  d e te c tio n  o f in se c t in fe s ta t io n s  occurs 
only  a f t e r  t r e e  needles have yellowed. This may re p re se n t 
a period  o f  fou r weeks or more a f te r  the i n i t i a l  sou thern  
p ine  b e e tle  a tta c k  has occurred . According to  Dr. Alan Smith, 
a southern  p ine b e e tle  research  s p e c ia l i s t  w ith th e  Texas 
F orest S erv ice , the  lag time between i n i t i a l  b e e tle  a tta c k  
and subsequent yellowing o f  th e  fo lia g e  i s  approxim ately 
fou r weeks during th e  summer. In  a rec en t telephone con­
v e rs a tio n , Dr. Smith s ta te d  th a t  the  magnitude o f th e  lag  
tim e remains f a i r l y  constan t during th e  summer. Since lag 
time i s  not h igh ly  v a ria b le  during th e  summer season, standard  
a e r ia l  photography may be u t i l i z e d  as a secondary a l te r n a t iv e  
in  southern  p ine  b e e tle  re sea rch  i f  o th e r  more s o p h is tic a te d  
d e te c tio n  techniques a re  no t a v a ila b le . However, th e  r e ­
searcher should take note o f i t s  l im ita t io n s .
I t  i s  o f te n  suggested th a t  therm al o r co lo r in f ra re d  
photography might rep re sen t an improved d e te c tio n  techn ique , 
bu t in d iv id u a lly  a ttacked  tre e s  w ith in  dense stands a re  
d i f f i c u l t  to  a s c e r ta in  even w ith  in fra re d  photography.
F u rth e r, th e  expense involved w ith frequen t in f ra re d  de­
te c tio n  would be p ro h ib it iv e . I t  i s  th e re fo re  suggested th a t  
only ex tensive  ground checks by experienced re sea rch e rs  can 
s p e c i f ic a l ly  rev ea l o r eva lua te  is o la te d  pockets o f sou thern  
p ine  b e e tle  a c t iv i ty .
With th e  help  o f p r iv a te  g ran ting  agencies, and w ith th e  cooper­
a t io n  o f in te re s te d  s t a te  and fed e ra l agencies, i t  i s  hoped th a t  in te r e s t  
in  sou thern  p ine  b e e tle -c lim a te  resea rch  w ill  in c re a se  in  the  fu tu re .
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The problem i s  not insurm ountable, and with the  advent o f a more i n ­
ten sive  research  program, i t  i s  most l ik e ly  th a t  th e  frequency and in ­
te n s ity  of fu tu re  southern p ine b e e tle  outbreaks w ill be g rea tly  
lessened by means o f environmental m odification  and b io lo g ica l co n tro l.
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